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The proton groups from nitrogen targets bombarded with deuterons have been investigated with a mag- 
netic spectrometer. Seven groups have been identified as arising from the N“(d,p)N"* reaction with Q-values 
of 8.615+0.010; 3.339+-0.005; 3.310+0.005; 2.287+-0.005; 1.451+0.005; 1.306+0.005; and 0.300+0.005. 
One group has been found which is assigned to N'5(d,p)N** with Q= —0.034+0.005 Mev. 





I. INTRODUCTION 


HE proton groups from the N'(d,p)N"® reaction 
have been the subject of numerous investigations, 

the most complete being those of Guggenheimer, 
Heitler, and Powell! and of Wyly.? Guggenheimer and 
his co-workers bombarded gaseous nitrogen targets 
with 6.5-Mev deuterons. They observed proton groups 
with Q-values of 8.55, 3.5, 2.5, 1.3, and 0.3 Mev, 
indicating energy levels in N* at 5.0, 6.0, 7.2, and 
8.2 Mev. The 7.2 and 8.2 levels were believed to be 
doublets from evidence provided by the variation with 
angle of the intensities of the groups. Since the photo- 
graphic-detection technique used in these experiments 
allowed an energy resolution of somewhat less than 
0.3 Mev for proton groups in the range from 2 to 13 
Mey, it is probable that the spacing of these doublets 
is of the order of 100 kev. The work of Wyly has con- 
firmed the existence of the lower-energy groups. Wyly 
obtained Q-values of 8.61, 3.29, 2.30, and 1.40 Mev, 
indicating levels in N* at 5.32, 6.31, and 7.21 Mev. He 
also found indications that the 7.21 level is a doublet. 
Recently, Kinsey, Bartholomew, and Walker*® have 
used a pair spectrometer to investigate the gamma-rays 
from the N14(n,7y)N" reaction. Their results lead to the 
following values for energy levels in N™: 5.287+0.010; 
6.318-0.010; 7.164--0.010; 7.356+-0.012; 8.2780.16; 


1 has been assisted by the joint program of the ONR 
an 
t AEC Predoctoral Fellow, now at the Argonne National 
Laboratory, Chicago, Illinois. 
wae Heitler, and Powell, Proc. Roy. Soc. A190, 196 
‘ D. Wyly, Phys. Rev. 76, 316 (1949). 
* Kinsey, Bartholomew, and d Walker, Phys. Rev. 77, 723 (1950). 
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9.156+0.30. The 7.356- and 7.164-Mev levels probably 
correspond to the 7.2-Mev doublet reported by Guggen- 
heimer ef al. and by Wyly. 

There is considerable variation among the values for 
the Q of the N"5(d,p)N" reaction which can be calculated 
from published measurements. Wyly investigated this 
reaction directly, using normal and enriched ammonia 
targets. By normalizing his data, and subtracting the 
normal-target data from the enriched-target data, he 
obtained a proton group corresponding to a Q-value of 
0.23+0.15 Mev for this reaction. Measurements of the 
Q-value of the F'(n,a)N'® reaction by Bleuler and 
Rossel‘ and by Jelley and Paul® indicate ground-state 
values for the N°(d,p)N"* reaction of 1.1+-0.3 Mev and 
0.7+0.9 Mev, respectively. Measurements on the 
maximum energy of the beta-particles from N’* by 
Sommers and Scherr® and by Bleuler, Sherrer, Walter, 
and Zunti’ give 0.60.5 Mev and 0.30.8 Mev, respec- 
tively, for the N‘*(d,p)N'* reaction. In addition, 
Szelenyi® has calculated the mass of N’® using inter- 
polation in a plot of mass-defect differences, and the 
value obtained indicates a Q-value for this reaction of 
1.10.7 Mev. 

With a view toward obtaining further information 
regarding the N'4(d,p)N' and N'5(d,p)N’® reactions, 
we have used a high-resolution magnetic spectrometer 
to study the protons emitted from nitrogen targets 
bombarded with deuterons. 

4E. Bleuler and J. Rossel, Helv. Phys. Acta 20, 445 (1947). 

5 J. V. Jelley and E. B. Paul, Proc. Roy. Soc. 634, 122 (1950). 


6H. S. Sommers, Jr., and R. "Scherr, Phys. Rev. 6 9, 21 (1946). 
7 Bleuler, Sherrer, Walter, and Zunti, Helv. Phys. Acta 20, 96 


(1947). 
8 T. Z. Szelenyi, Phys. Rev. 75, 1105 (1950). 
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Fic. 1. Proton groups with energies between 4.0 and 9.5 Mev from 
tantalum-nitride target bombarded by deuterons. 


II. APPARATUS AND EXPERIMENTAL PROCEDURE 


The apparatus and experimental procedure were 
essentially the sdme as those described in a previous 
paper. The deuteron beam from an electrostatic 
generator was sharply defined in space, direction, and 
momentum by means of a slit arrangement and mag- 
netic analysis. The target was located in the annular 
gap of a large annular magnet, in which the magnetic 
field was parallel to the direction of the incident beam. 
A fraction of those particles emitted in the plane 
normal to the incident beam was focused by the 180- 
degree focusing action of the uniform magnetic field in 
the annular gap and were detected with Eastman N7'A 
nuclear-track plates. These plates were also located in 
the annular gap in a position diametrically opposite to 
that of the target and were inclined at an angle of 20 
degrees with respect to the direction of the observed 
particles. From measurements of the magnetic field and 
the radii of curvature, the momentum of the particles 
could be computed. 

The magnetic field in the annular region was measured 
with a fluxmeter consisting of a small current-carrying 
coil rigidly attached at the center of an analytical 
balance. When the small coil was placed in a magnetic 
field it experienced a torque which was proportional to 
the product of the field intensity and the current 
through the coil. In practice, by the adjustment of the 
current through the coil, a balance was achieved between 
this torque and a.constant mechanically applied torque. 
The calibration constant for the fluxmeter was deter- 
mined from measurements of the radius of curvature 
of polonium alpha-particles in the magnetic field of the 
annular magnet and the current through the small 
coil, together with Brigg’s value! for the Hp of RaC’ 
alpha-particles, and Lewis and Bowden’s value" for the 
ratio of the velocities of RaC’ alpha-particles and 
polonium alpha-particles. These values determine the 


156) ou” Strait, Stergiopoulos, and Sperduto, Phys. Rev. 74, 
10 G. H. Briggs, Proc. Roy. Soc. 157A, 183 (1936). 
a 039)" B. Lewis and B. V. Bowden, Proc. Roy. Soc. 145A, 250 


velocity of the polonium alphas with a precision of 1 
part in 5000. 

The incident deuteron energy was determined from 
energy measurements of deuterons elastically scattered 
by carbon and oxygen nuclei in thin Formvar films. 

After exposure the nuclear-track plates were processed 
and examined under microscopes, and the track-density 
distribution as a function of the radius of curvature was 
determined. For this purpose, it was necessary to cor- 
relate the positions of the nuclear-track plates during 
exposure with the position of the target. This correlation 
was made possible by means of a narrow slit which was 
located permanently with respect to the target position 
and which could be optically imaged on each plate 
during exposure. Since for each plate the range of radii 
covered is small and constant, the actual calculations 
involve in a sensitive way only the distance between the 
calibrating polonium source and the position of the 
beam on the target. 

The track-density distribution functions were cor- 
rected for background-track density in those cases 
where it was necessary. This background-track density 
was determined from the leading edge of the distribution 
function at points sufficiently removed from the peak 
itself so that the contribution from the reaction con- 
cerned was negligible. 

Because the photographic plates record sedilati that 
are emitted from the target within a small range of 
angles around 90 degrees with respect to the beam 
(+0.2 degree), the peaks obtained from measurements 
made across the full width of the plates are slightly 
broadened. A similar effect occurs because the particles 
are emitted from a line rather than a point source on 
the target. These small effects were corrected for ana- 
lytically for each of the observed peaks. 

Most of the targets used in this work consisted of thin 
surface layers of tantalum nitride on tantalum. Tan- 
talum was selected because of its availability and the 
stability of its nitride. These targets were prepared in 
the following way. Ammonium nitrate was treated with 
an aqueous solution.of sodium hydroxide, and the am- 
monia released was passed through barium oxide (a 
basic drying agent) and collected in a small evacuated 
quartz vessel containing small squares of sheet tanta- 
lum. The'tantalum was then maintained at a tempera- 
ture of approximately 1000°C for several minutes 
through the use of an induction heater. This procedure 
resulted in the formation of thin surface layers of tan- 
talum nitride on the pieces of tantalum. 

In addition to nitrogen, there was the possibility of 
the presence of other elements in the targets. The 
simplest and most effective means of identifying the 
nitrogen groups was by the variation of peak heights 
with targets of different isotopic concentrations. For 
this purpose, ammonium nitrate with the NH; radical 
enriched in N'* was obtained from the Eastman Kodak 
Company and was used in the preparation of enriched 
tantalum-nitride targets. A further check on the iden- 
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tification of certain groups was obtained by comparisons 
of the changes in energy of the groups with the changes 
in energy of the incident deuterons. 

The presence of surface contaminants on the targets 
could lead to appreciable errors in the calculated values 
of reaction energies. In the present work a tantalum- 
nitride target essentially free of volatile contaminants 
was obtained by the use of a flat, mica-insulated heating 
element wound with 5-mil wolfram wire. The heating 
element was placed between the target and a metallic 
backing which was supported by a 40-mil wolfram wire. 
This target was maintained at a temperature corre- 
sponding to a dull red color during exposures. Since hot 
tantalum combines readily with both nitrogen and 
oxygen and in general absorbs gases, there was a strong 
possibility that nonvolatile surface contaminants re- 
mained even at high temperatures. The existence of 
such contaminants was determined from a comparison 
of the energies of one of the alpha-particle groups from 
the N14(d,a)C” reaction from a heated tantalum-nitride 
target and from a freshly prepared target consisting of 
a thin layer of ammonium nitrate deposited on a 
platinum backing. It was found that a small amount of 
such contamination was indeed present, and all of the 
measured Q-values obtained with the heated tantalum- 
nitride targets were corrected accordingly. 

In order to investigate the proton groups having 
values of Hp less than those for the elastically scattered 
deuterons, it was necessary to discriminate between the 


‘two types of particles in the detection process. Since 


the solid-target yield of elastically scattered deuterons 
was much greater than the yield of reaction protons, it 
was not possible to make this discrimination by track- 
length comparisons under a microscope. Instead, the 
nuclear-track plates were shielded with aluminum foils 
of sufficient thickness to absorb the deuterons but not 
the protons. In this way, only the protons were allowed 
to register on the plates. 

The Q-equation ordinarily used in the calculation of 
reaction energies has been. derived on the basis of the 
non-relativistic relation between energy and momentum 
and errors comparable to the experimental errors would 
have been introduced by its use. Consequently, a rela- 
tivistically correct Q-equation was derived and used 
in the calculation of the reaction energies. 


Ill. EXPERIMENTAL RESULTS 


As the analyzing magnet is employed in these experi- 
ments, each photographic plate is exposed at a fixed 
field strength and, hence, records an interval in the 
momentum spectrum of the particles emitted from the 
target. In Figs. 1 and 2 are plotted the results obtained 
from a number of plates exposed at various magnetic 
fields so as to cover the region of proton energy from 
1.5 to 9.5 Mev. The field strengths for each plate were 
adjusted so that the regions covered by each overlapped 
slightly. The data shown in the figures were taken with 
an incident deuteron energy of 1.420 Mev and an 
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unheated tantalum-nitride target. Only the observed 
proton groups are shown. In addition, a number of 
alpha-particle groups were observed, most of which cor- 
responded to reactions in which C” and C™ were formed 
as residual nuclei. For the reasons mentioned in the 
preceding section, those plates exposed at field strengths 
less than those corresponding to an Hp of 240 kgauss-cm 
were shielded with thin aluminum foils se as to prevent 
the recording of deuterons elastically scattered from the 
targets. 

Of the proton groups observed, seven, numbered from 
0 through 6 in the figures, were identified as arising from 
the N'4(d,p)N™ reaction. Of the other peaks, four are 
due to the well-known groups from carbon and oxygen, 
and complete data for these peaks have not been 
plotted. The group at Hp =371 kgauss-cm was identified 
by an independent measurement on an enriched C™* 
target as arising from the small concentration of C'* in 
the carbon contamination on the target. That the re- 
maining groups were probably due to silicon was 
indicated by measurements on the shift in position of 
these groups as a function of the energy of the incident 
deuteron beam. That this assignment was correct was 
checked by a series of measurements on a thin silicon 
target. The presence of silicon contamination on the 
target is probably due to the fact that a quartz tube 
was used in the preparation of the tantalum-nitride 
layers. 

As can be seen, the groups due to C” and O" are of 
very considerable intensity. The possibility that other 
proton groups due to nitrogen might be obscured by the 
presence of these intense groups was to a large extent 
eliminated by observations in these regions made with 
a heated target. Group 3 in Fig. 2 is plotted from data 
taken in this way, and its intensity relative to the 
other groups has been adjusted from measurements 
taken with the heated and unheated targets. 

From the figures, it can be seen that the groups from 
nitrogen show a considerable tail on the low energy side. 
This is presumably due to the difficulty of preparing 
nitrogen targets. In the present case it is probable that 
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Fic. 2. Proton groups with energies between 1.2 and 4.0 Mev from 
tantalum-nitride target bombarded by deuterons. 








TABLE I. Q-values for N“(d,p)N". 








Present work 


-value 
n Mev 


Level in N¥® 
in Mev 


Kinsey et al.* 
Level in N15 
in Mev 





8.615+0.010 
3.339+0.005 
3.310+0.005 
2.287 +0.005 
1.451+0.005 
1.306+0.005 
0.300+-0.005 


0 
5.276+0.006 
5.305+0.006 
6.328+0.006 
7.164+0.006 
7.309+0.006 
8.315+0.006 


0 
5.287+0.010 


6.3182-0.010 
7.164+0.010 
7.356+0.012 
8.278+0.016 











® See_reference 3. 


there is considerable diffusion of the nitrogen into the 
tantalum supports. 

The measured half-widths of the proton groups were 
compared with the half-widths which would be expected 
if the broadening were due entirely to target thickness 
and to geometrical factors, such as the width of the 
entrance slit to the analyzing magnet. As can be seen 
from the figure, the peaks tend to broaden at the lower 
energies, as would be expected from the first of these 
factors. The only serious discrepancy in the measured 
and computed values occurred for the group corre- 
sponding to the 8.3-Mev level. The half-width of this 
group was considerably larger than the expected value, 
and it is possible that it is actually composed of two 
groups with a separation of about 10 to 20 kev. 

Particular attention was paid to the particles having 
an Hp in the region of 300 kgauss-cm (groups 1 and 2). 
The track distribution in this region was accurately 
reproducible and varied with target thickness in the 
manner to be expected if the distribution were due to 
two closely spaced groups. These groups are of particular 
interest because they indicate the presence of two energy 
levels in N** with the unusually small separation” of 
29 kev. 

The Q-values for the groups assigned to the 
N'4(d,p)N" reaction are listed in Table I. 

In each case the values have been corrected for the 
effects of a surface layer of contamination, the thickness 
of which was estimated from the results of measure- 
ments carried out as outlined in the preceding section. 


12 Possible interpretations regarding these levels have recently 
been discussed by D. Inglis, Phys. Rev. 78, 616 (1950). 
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In no case did these corrections amount to more than 
4 kev. Also listed in Table I are the levels in N* cor- 
responding to these groups. These are compared in the 
table with the results of Kinsey, Bartholomew, and 
Walker which were obtained from measurements of the 
gamma-rays from the N'4(n,7)N' reaction. The two 
sets of values for the energy levels agree in most cases 
within the probable errors, and in all cases within the 
limits of error; that is, three times the probable error. 

An energy-level diagram for N™ showing the levels 
found in the present work is included in Fig. 1. 

Kinsey and his collaborators* have also measured the 
Q-value for the N'4(u,7)N" reaction. If the binding 
energy of the deuteron is subtracted from this value, 
8.593+0.014 Mev is obtained for the Q of the 
N'(d,p)N" reaction. This value is in fair agreement 
with the figure of 8.615+-0.010 Mev obtained in the 
present work. It is to be noted that, in the present work, 
possible errors due to calibration, surface contaminants, 
and so forth tend to affect the energies of the group in 
the same direction so that the values obtained for the 
energy levels are somewhat more reliable than the 
Q-values for the individual groups. 

Since N" is present only to the extent of about 0.4 
percent in ordinary nitrogen compounds, it is unlikely 
that groups from this isotope would be observed from 
unenriched nitrogen targets. In connection with the 
identification of the groups, however, targets with both 
normal and enriched concentrations of N’® were used 
in the investigation of the energy region covered ir 
these experiments. Only one proton group was found 
that could be attributed to the N'5(d,p)N"® reaction. 
For this group, a Q-value of —0.034++0.005 Mev was 
obtained. While no higher energy group from this re- 
action was found at the bombarding energy used in these 
experiments, it is probable that the one observed does 
not correspond to the ground-state transition but is as- 
sociated with the formation of N" in the excited state 
at about 0.3 Mev indicated in the work of Wyly.? 

We are indebted to the staff of the High Voltage 
Laboratory for much helpful discussion and assistance. 
We are particularly grateful to Miss C. O’Brien and 
Mr. W. A. Tripp for their careful measurements on the 
photographic plates. 
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On the Bombardment of Li,O and C by Alpha-Particles and Deuterons* 
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68 Photographic nuclear emulsions were used to record the scattered and recoiling particles when LizO and C 
targets were each independently bombarded by 10-Mev deuterons and 20-Mev alpha-particles. The 1.0-Mev 
he level in C¥ has been confirmed and a new level at 6.8 Mev in C* has been determined. The relative scattering 
or. of deuterons and alpha-particles from nuclei in the ground state.and in their various nuclear energy levels 
els are illustrated. Finally the alpha-particle range-energy curve, as applied to Ilford E-1 nuclear emulsions, 
has been modified at higher energies. 
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e, I, INTRODUCTION size and placed on these blocks to detect the scattered 
he E Washington University cyclotron was used as and recoiling particles. The undeflected beam enters the 
nt a source of 10-Mev deuterons, and 20-Mev alpha- collector cup directly opposite the inlet. O rings are used 
he particles. These particles were independently made to ‘© Seal various joints in the system so that the experi- 
k, impinge on a thin Li,O target or on a thin carbon ment can be run under vacuum conditions. The appa- 
i target. In each case the recoiling and scattered particles ‘tus meets Bethe’s’ requirements for good geometry. 
“a were recorded in Ilford E-1 nuclear emulsion plates Gold leaf, 0.88 mg/cm’, served as a target backing on 
1e which were set at predetermined angles to the cyclotron which the carbon and the lithium oxide were deposited. 
” beam. From an analysis of the track lengths certain The carbon target was prepared by burning camphor 

conclusions were drawn as to energy levels and trans- 294 letting the resulting smoke asic on a target 
4 mutation products. holder. Approximately 0.14 mg/cm?, corresponding toa 
ly thickness of 4X10-* cm, was deposited. The energy 
m II. APPARATUS lost by alpha-particles on penetrating the complete 
le The beam from the cyclotron enters the scattering target amounted to 44 kev for the carbon and 50 kev 
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; contains slits which define the various directions of the The lithium-oxide target was prepared by burning 
‘ scattered particles. Around the periphery of the ring metallic lithium in an iron crucible. Traces of carbon 
“i are steel blocks the upper surfaces of which are inclined impurity were unavoidable. The energy loss of alpha- 
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Fic. 1. Distribution in range of particles resulting from the bombardment of Li,O by deuterons. 
The angle of recoil is 90° to the cyclotron beam. 






* Assisted by the joint program of the ONR and AEC. 
** Present Address: Argonne National Laboratory, Chicago, Illinois. 

1 Originally constructed by K. B. Mather, subsequently modified by this author. 
2M. S. Livingston and H. A. Bethe, Rev. Mod. Phys. 9, 278 (1937). 
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TABLE I. D—Li,O—90. 
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t g 4237 
8 3 33 . o 2 Bae 
4E Q 23 o a 3S omg 
B3 : 8 of) «owt «OE CHE 
XXI /{0'*(d,p)0"” 0 1.94 10.08 565 gc« 
C#(d,p)C# 0 27 103 586 
XX O18(d,p)O17* 0.88 1.06 9.25 491 485 
XIX  Au!%(d,d)Au'?? 0 0 9.7 328 326 
XVIII C(d,p)C* 3.95 —1.25 664 288 288 
XVII Li*(d,p)Li8 0 —0.22 64 270 265 
XVI Odd)" 0 0 7.7. 226 224 
XV C®(d,d)C2 0 0 7.07 196 192 
XIV C"%X(4,p)C* 60 —33 4.73 158 156 
XII Li*(d,d)Li? 0 0 5.5 131 131 
XII — 0.477 —O477 5.13 117 446 
Li®(d,d) Lié 0 0 495 111 
xI ae. 3.1 —3.1 44 95 92 
Li®(d,d)He* 0 22 wus 
x C®(d,d)C™* 3.58 —3.58 40 +80 80 
Ix Li?(d,«)He® 0 143 11.24 67.5 66 
VIII Li*(d,#)Lié 0 0.98 3.75 60 60 
VH C®(d,d)C2* 45 —45 3.2 57 55.5 
VI O'6(d,a)N¥ 0 3.06 898 49 46 
Va Li?(d,He®)Het 0 14.3 8.57 40.5 49 
Vb C2(d,p)C* 8.9 6.2 2.04 41 
IV 0'6(d,d)O1%* 615 615° 224 34 33.5 
O!8(d.a) Ni* 2.3 076 72 3 > 
- O'8(d,a) N¥** 40 -094 S87 255 2 
O'8(d,c.) N* 50 -—-194 S51 21 
O16(d,d)O1%* 70 —70 1.48 18 19.5 
cae aim 0 —-144 46 18 
ioe a) NU 6.6 —3.54 385 14 13 
(emg a) B1* 0.71 —7.15 407 15.3 








was 62.5 and 18.5 kev for deuterons. Since these target 
losses were less than the uncertainty in the cyclotron 
beam energy they were neglected. 





Ilford E-1 nuclear emulsion plates of 200 microns 
thickness were used. Since thick emulsions have a 
tendency to peel under prolonged vacuum conditions 
it was found advisable to daub the edges of each plate 
with Polystyrene Q Dope. The procedure of develop- 
ment of these plates was similar to that recommended by 
Wilson and Vanselow.? A Spencer microscope of 900 
magnification and a Wetzlar microscope of 720 mag- 
nification were used to measure the tracks on the 
processed plates. 


Ill. METHOD 


Figure 1 shows the number of tracks vs. range result- 
ing from the bombardment of Li,O by deuterons. The 
interpretation of the title, D—Li,O—90, is as follows; 
the first letter indicates the bombarding particle, the 
second letter or group of letters indicate the type of 
target bombarded, and the third set (numbers) indi- 
cates the angle at which the scattered and recoil par- 
ticles were recorded. Thus in the present example Li,O 
was bombarded by deuterons and the particles were 
recorded at 90° to the cyclotron beam. 

The following equation‘ may be described as the 
energy-balance equation for a nuclear reaction. 








(mqm-Eq)* Ma— Ma 
(E.)!=————— cos6+ | | 
M.-+-Ma M.+-Ma 
MM ) 
+——_—_ cosa [Rat mio — 
(m+ Ma)? m+ Ma 


The subscript a refers to the incident particle, and c and 
d to the recoil particles. E, is the energy of the recoil 
or scattered particle when the energy of the reaction, 
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Fic. 2. Distribution in range of particles resulting from the bombardment of a carbon target by deuterons. The 
angle of recoil is 90° to the cyclotron beam. There are no tracks in the section from 360 to 540 microns. This section 
was therefore omitted for reasons of space economy. 


3M. J. Wilson and W. Vanselow, Phys. Rev. 75, 1144 (1949). 


4J. Mattauch, Nuclear Physics Tables (Interscience Publishers, Inc., New York, 1946), p. 59. 
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Q, the angle of recoil in the laboratory system, @, and 
the energy of the incident particle, E,, are known. 
From the recoil energy and the use of the proper range- 
energy curve, the range of the particle in the emulsion 
can be computed. 

The problem involved in analyzing an experimental 
curve showing the number of recoils with any given 
range, is to determine, largely by a method of trial and 
error, the nuclear reaction which is responsible for each 
set of recoils. The choice of the proper reaction is quite 
tedious at times because of the numerous possibilities. 
Thus if a 10-Mev deuteron is the bombarding particle, 
the recorded particle may be a proton, a deuteron, a 
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triton, or an alpha-particle, and any one of these recoil 
particles may have several recoil energies associated 
with it depending on the number and prominence of the 
energy levels in the resultant nucleus. Finally these 
permutations must be calculated not only for all the 
known elements in the target but also for the suspected 
impurities. By the use of Eq. (1) the recoil energy or 
energies of each possible recoil particle for each possible 
nuclear reaction are determined for a given angle. This 
angle is the angle with respect to the cyclotron beam 
in the laboratory system at which the nuclear plate is 
set to receive the recoil particles. Finally, the recoil 
energy must be converted to range by use of the proper 
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Fic. 3. Distribution in range of particles resulting from the bombardment of a carbon target by deuterons. The angle of recoil 
is 115° to the cyclotron beam. 
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Fic. 4. Distribution in range of particles resulting from the bombardment of a carbon target by deuterons. The angle of 
recoil is 155° to the cyclotron beam. 
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TABLE IT. D—C—90. 


TaBLeE ITI. D—C—115. 











XIII =C®(d,d)C” 


S 
= 


XIVa C#(d,p)C'* 3.1 -—04 6.77 


1: g 337 " g 3 22 
2 P oe OF#OUC«*#dE:COE ik og 3 # PF FH je 
a2 ~ $2 oe wa 26 O88 2 % 82 ow aE ogs 
XVI C2(d,p)C8 0 2.70 10.4 591 570 XVI . C¥#(d,p)C# 0 2.7 9.5 510 508 
XV Au!79(d,d) Au'”® 0 0 9.78 332 331 XVIa C#(d,p)C%* 1.0 7 8.6 440 442 
XIV C2(d,p)C* 3.95 —1.25 6.68 290 290 XV Au!79(d,d)Au'79 0 0 9.7 329 330 
0 
0 


XII C'%(¢4)C# 
XI C®%d9)C™* 60 —-33 478 160 159 


x C#(d,p)C* 6.84 -414 40 120 120 
IX (C%dd)C%* 31 =3). 4a eS. m2 
VIL = C8%(djd)C* 3.58 —3.58 40 80 81 

C2(d,p)C* a ae a 


VI \ongd c-* 45 —45 3.28 59 60 
C3(d,a) BU 0. $12 976 & 

V {ong ey pus 89 —62 2.1 440 43.5 
C3(d,a) BU* 2.1 3.0 8.36 44 

IV { C8(d,a)BU* 4.4 0.72 653 30 33 
C#(d,d)C* 55 —35 2.4 37 

III C8(d,a)BU* 58 -—068 5.5 23.5 25 

II C#(d,a)B*° 0 —-144 468 186 18.5 

{mga} Bree 0.44 -—185 439 17 
I C!2(d,a) BY* 0.71 —2.15 4.13 15.5 








range-energy curve. It then becomes possible to compare 
the predicted ranges arising from these reactions with 
the actual peaks observed in the experimental curves. 
This has been done and Table I shows the correlation 
of each observed peak in Fig. 1 with the assumed reac- 
tion or reactions causing it. 

An examination of the —_— curves of number 
of tracks vs. track length shows that while some peaks 
are sharp and distinct, others are so low as to be 
scarcely distinguishable from the background. In con- 
nection with the low peaks, two comments are made. 
First, when scattering experiments were conducted 
using the gold foil alone, a careful examination of the 
plates showed practically no tracks at all having lengths 
that did not correspond to scattering from the gold. 
This absence of “accidentals” or “background” under 
the same conditions used in regular scattering runs 
lends assurance to the significance of peaks having only 
8 or 10 tracks. While 8 or 10 tracks do not constitute 
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Fic. 5. Distribution in range of particles resulting from the 
bombardment of a gold target by deuterons. The angle of recoil 
is 90° to the cyclotron beam. 


XIV = C®(d,p)C'* 3.95 —1.25 60 240 246 


XIII C%(d¢)C#. 0 0 62 4158 158 
XII =C¥ds)ce 0 1.31 655 138 141 
XI C®%d,)C™* 60 —-33 42 131 124 
x C#(d,p)C™* 684 -414 35 97 98 
IX C®(d,a)C* ae ee: 73 


VIII C¥#(d,d)C%* 3.58 —3.58 3.4 62 
VII C#®(d,p)C* 8.25 —5.55 2.26 48.5 53 
VI (eng yen 45 -—45 2.7 44 
C4(d,a) BU 0 5.12 835 44 
V (outa pue 8.9  —6.25 1.75 32 not ob- 
C8(d,a) BU* 2.1 3.0 638 26 served 
IV {cates 4.4 0.72 532 22 20 
C®(d,d)C2* 55 55 19 26 








good statistical data, their importance grows when it is 
known that no tracks at all are the normal expectancy. 

The second point concerning the low peaks is that 
some of them have frankly been located on the basis of 


known energy levels, where the small number of counts © 


in the present work left the exact location uncertain. 
This has been done for the purpose of exhibiting the 
relative heights of the various peaks observed. 

The use of Ilford E-1 nuclear emulsions allows one to 
distinguish clearly between an alpha-particle track and 
a proton track. The same cannot be said for short 
proton and deuteron tracks. 

Table I correlates each peak of Fig. 1 with the as- 
sumed reaction causing it. Thus peak number XXI in 
Fig. 1 is due to protons from the reactions O'*(d,p)O" 
and C®(d,p)C", see Table I, column two. Column three 
of this table is marked /evel and indicates that for this 
peak no energy level is involved and that O" was left 
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Fic. 6. Distribution in range of particles resulting from the 
bombardment of a Li,O target by alpha-particles. The angle of 
recoil is 90° to the cyclotron beam. 
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TaBLE IV. D—C—155. 
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TABLE V. a—LizO—90. 
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83 s s2 of ae £— Bae EE s Sage qe sé ie 
XVI {ou .p)C# 0 2.7 87 447 450 XII Li®(a,d)Be® 0 —1.6 6.7 180.0 186 
O'8(d,p)O" 0 19 878 450 XI Aw%(a,a)Au' 0 0 19.6 168.0 164 
XVIa C¥(d,p)C™%* 1.0 17 785 380 382 x Lit(a,p)Be* 336 —5.94 3.69 106.0 104 
XV Au'"9(d,d)Au'® =O 0 96 323 328 I  Lit(a,t)Be? 0 —2.56 5.42 102.0 100 
XIVa C¥(d,p)C* 31 —-04 607 238 241 VIII Lifad)Be* 3.1 —47 42 860 845 
XIV C®(d,9)C 3.95 —1.25 5.35 194 202 VII (O(a) 018 0 0 120: 780 77.5 
XI =C®(d,d)C® 0 0 53 124 «121 WT (C*%(a,a) CB 0 0 10 0.58 57.5 
Xm = C84, C® 0 131 5.51 105 105 (Fiabe 0 —7.1 3.38 61.0 
xI C2(d,p)C* 60 —33 3.69 105 105 ee 31 -5.66 3.16 480 49 
x C2(d,p)C* 6.84 —414 3.04 76 77 Li*(a,d)Be* 48 -64 2.86 56.0 
Ix C#(d,d)C%* hee | ae 55 56 {one as ouee 60 -—6.0 72 35.0 35 
VII = C*%(4,¢)C"* 333-358 27 6. #8 a a (AO <A, 
VIE C#Qdp)C* = 8.25 5.55 19 © 37 a a oy 
VI C2(d,d)C2* 45 -—45 21 31 29 PE aged ~a ‘ 
(Gig en 0 5 12 6 9 33 hte 0 0 5. 46 23 
, . ‘ Lit(@,a)Li* 0.477 —0477 5.16 21.5 
e ? 
V jeune 89 -625 142 % : Tite a Vi38 ‘ ‘ 
C#(d') But 21 3.02 5.7 245 i*(a,o)Li 40 150 = 15.5 
in the ground state. The energy of reaction, Q, is given 4. CH(d,p)C? 
in column four as 1.94 Mev. Q is usually obtained either Peak Energy levels in C18 Comments 


from Lauritsen’ or, if not given there, is computed from 
the masses involved.*? Column five gives the recoil 
energy, E, of the light particle as 10.08 Mev. This value 
is obtained from Eq. (1) assuming that the bombarding 
energy of the deuteron is 9.9 Mev. The range is com- 
puted from the range-energy curve for protons and 
appears in column six. The observed range appears in 
column seven. 


IV. RESULTS 


(a) Reactions caused by 9.9-Mev deuteron bombardment of a 
thin Li,O target. See Fig. 1. 


1. O'%(d,p)0"" 
Peak Energy levels in O1” Comments 
XXI Ground state XXI and XX may contain some 
XX 0.88 Mev protons from C#(d,p)C¥ (from 
carbon contaminant). 


2. O18(d,d)O"* 
@ Peak Energy levels in O1% 
XVI Ground state 
IV 6.15 Mev 
II 7.0 Mev 


Comments 
Evidence for an O'* level at 6.0 
Mev as listed by Lauritsen® is 
obscured by the background of 
tracks. 


3. O'8(d,a)N¥ 


Peak Energy levels in N™ Comments 


VI Ground state II and I are somewhat obscured 

IV ‘2.3 Mev by alpha-particles from C¥(d,a)- 

Til 4.0 Mev B®, Evidence for N™ levels at 5.5 

II 5.0 Mev or 6.1 Mev as listed by Lauritsen’ 

I 6.6 Mev is obscured by the background 
tracks. 

5 T. Lauritsen, Preliminary Report No. 5, National Research 


Council, Nuclear Science Series (1949). 
6 Handbook of Chemistry and Physics (1949), thirty-first edition. 
7K. T. Bainbridge, Preliminary Report No. 1, National Re- 
search Council, Nuclear Science Series (1948). 





XXI Ground state No evidence for levels in C® at 


XVIII 3.95 Mev 5.0 and 8.25 Mev as listed by 
XIV 6.0 Mev Lauritsen.® 
Vv 8.9 Mev 

5. C®(d,d)C® 


Peak Energy levels in C!? Comments 
XV Ground state 
XI 3.1 Mev 

x 3.58 Mev 


vil 4.5 Mev 


Further discussion of this section will be found in paragraph 
(b). 


See below. 


6. Li?(d,p)Li® 


Peak Energy levels in Li® Comments 














XVII Ground state Further decay of Li® is not con- 
sidered since the half-life is rela- 
tively long in comparison to the 
collision process. 
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Fic. 7. Distribution in range of particles resulting from the 

bombardment of a carbon target by alpha-particles. The angle of 


recoil is 90° to the cyclotron beam. 
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TABLE VI. a—C—90. 








number 
Reaction 
E 
(Mev) 
Range 
(microns) 


o 





C2(a,p)N 0 —4.92 9.14 
Au!79%(a,a)Au!?? 0 0 19.13 
C?(a,p) N'5* 5.4 —10.12 4,26 
C2(a,p)N'* 6.2 11.1 3.33 
C®(a,a)C# 0 0 10 
C%(a,p)N* = 7.5 | 124 
C2(a,a)C2* 3.1 —3.1 
C2(a,a)C!* 4.5 —4.5 
C2(a,a)C!* 7.3 —7.3 
C2(a,a)C2* 9.5 —9.5 


“RRASSsgk* Peak 


III 7.0 Mev 








7. Li?(d,d)Li? 
Peak Energy levels in Li? Comments 
XIII Ground state Elastically scattered deuterons 
XII 0.48 Mev from Li® will also contribute to 
XII. 


The number of observed tracks was too small to permit any 
conclusions about additional excited states in Li’ in the 
region from 0.5 Mev to 1 Mev. 


8. Li’(d,a)He' 


By using the corrected range-energy curve the Q of this 
reaction is 14.3 Mev as given by Lauritsen.® 

(b) Reactions caused by 10-Mev deuteron bombardment 
of a thin C target. See Figs. 2 to 4, also Tables ITI to IV. 


1. C#(d,p)C# 

Peak Energy levels in C!* Comments 
XVI Ground state XVIa does not appear at 90° to the 
XVIa 1.0 Mev cyclotron beam. X is a new level 
XIVa 3.1 Mev in C¥ that appears with about the 
XIV 3.95 Mev same intensity as XIVa does. 
XI 6.0 Mev 
x 6.84 Mev 
VII 8.25 Mev 
V 8.9 Mev 


It is of interest to compare the relative intensities of these 
peaks and how they change as one goes to larger angles as 
shown in the successive figures. 


2. C#(d,d)C* 

Peak Energy levels in C!? Comments 
XIII Ground state The VIII is somewhat doubtful as 
Ix 3.1 Mev it appears only at 90° and not at 
VIII 3.85 Mev 115° and 155°. VI and IV contain 
VI 4.5 Mev some alpha-particles from the reac- 
IV 5.5 Mev tion C%(d,a)B". There is 1.1 per- 

cent C# in the target. 


3. C8(d,a)B" 
Energy levels in BU Comments 
Ground state Since there is so little C® in the 
2.1 Mev target it is doubtful whether this 
4.4 Mev reaction contributes appreciably 
5.8 Mev to the observed peaks. 


4. C®(d,a)B" 
Energy levels in B1° Comments 
0 and 0.41 The ground state and the 0.41- 
Mev Mev level fall close enough to- 
0.71 Mev gether to be represented by one 


peak, II. 


(c) Figure 5 is a background run to demonstrate that there is 


only one peak resulting from the bombardment of gold by deu- 
terons, and that it is due to elastically scattered deuterons. 


(d) Reactions caused by 20-Mev alpha-particle bombardment 


of a thin Li,O target. See Fig. 6 and Table V. 


1. O'8(a,a)O%% 


Peak Energy levels in O'% Comments 


VII Ground state The 0.88-Mev level does not ap- 
IV 6.0 and 6.15 


pear. The resolution of the instru- 

Mev ment does not allow for the 
separation of the 6.0- and 6.15- 
Mev levels. III contains some 
alpha-particles elastically scat- 
tered from carbon. 

2. C®(a,a)C? 

Energy levels in C2 Comments 
Ground state That VI and III are correctly 
4.5 Mev identified is readily shown by 

superimposing Fig. 7 on Fig. 6. 
3. Li"(a,p)Be™ 
Energy levels in Be!® 


3.36 Mev 


Comments 
There are a few tracks from the 
ground level but too few to be 
shown by a peak. These tracks are 
easily recognized since they are 
produced by singly charged par- 
ticles. 
4. Li7(a,d)Be® 
Energy levels in Be® 
Ground state 


5. Li?(a,t)Be® 


Energy levels in Be® 


Comments 


Comments 


Ix Ground state In V there are probably a few 
V 3.1 Mev 


deuterons due to the reaction 
Li*(a,d)Be®* where Be* is in the 
4.8-Mev level. The further decay 
of Be® into two alpha-particles is 
not considered since no broad peak 
as would result from such a three- 
body process has been observed. - 


6. Li?(a,e)Li? 
Peak Energy levels in Li’ Comments 
II Ground state The instrument is incapable of 
and 0.48- distinguishing between these two 
Mev level __ states at low energies. 
7. Li®(a,a)Li® 
Peak Energy levels in Lié Comments 
I Ground state To obtain greater recoil energies a @ 
smaller scattering angle will be 
necessary. 


(e) Reactions caused by 20-Mev alpha-particle bombardment 


of a thin carbon target. See Fig. 7 and Table VI. 


1. C®(a,p)N% 
Peak Energy levels in N15 
xX Ground state 
VIII 5.4 Mev 
VII 6.2 Mev 
V 7.5 Mev 


Comments 


2. C®(a,a)C? 
Peak Energy levels of C12 Comments 
VI Ground state If IV exists, it is a very weak peak. 
IV 3.1 Mev Lauritsen® lists IV as a doubtful 
III 4.5 Mev level. Other doubtful levels at 3.58 
II 7.3 Mev and 5.5 Mev do not appear. 
I 9.5 Mev 
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From peak XI in Fig. 6 and IX in Fig. 7, which are 
due to the elastic scattering of alpha-particles from 
gold, it was found necessary to modify the range-energy 
curve of Lattes* at higher energies. Other evidence as to 
a need for modification came from an alpha-alpha-bom- 
bardment when the recoiling and scattered particles 
were recorded at small angles. The observed ranges fell 
short of the predicted ranges when Lattes’ curve was 
used. This was true for the three aforementioned cases 
even after all possible corrections were made. If the 
beam energy were lower than 20 Mev, i.e., 17.5 Mev, 
then XI in Fig. 6 and IX in Fig. 7 would be correctly 
identified but then the other peaks in Figs. 6 and 7 
would be displaced too far to the right. Therefore it was 
assumed that the bombarding energy was 20 Mev, that 
the lower portion of the alpha-energy range curve, 
below 10 Mev, was correct, but that above 10 Mev a 
modification was necessary. This modification was 
made from the proton range-energy curve by assuming 
that an alpha-particle and a proton of the same velocity 
have the same range. The corrected curve has already 
been published. 


( “ee Fowler, and Cuer, Proc. Phys. Soe. London 59, 883 
1947). 


V. CONCLUSION 


The 1.0-Mev level in C® has been confirmed, and a 
new level at 6.8 Mev has been determined. The proton 
group giving rise to the 1.0-Mev level is small statis- 
tically, consisting of only approximately 11 tracks at 
115°, yet this number is large compared to the expected 
background at this range and is an appreciable fraction 
of the 33 proton tracks observed which resulted from 
C* in the ground state. A level in C” at 3.58 Mev has 
been found at 90° but the results are doubtful because 
of non-appearance at 115° and 155° or under alpha- 
particle bombardment. The relative scattering of deu- 
terons and alpha-particles from nuclei in the ground 
state and in the various nuclear energy levels are illus- 
trated. The results indicate that 10-Mev deuterons are 
more effective in studying energy levels than are 20-Mev 
alpha-particles. Finally the alpha-particle range-energy 
curve, as applied to Ilford E-1 nuclear emulsions, has 
been modified at higher energies for alpha-particles. 

This author wishes to thank Messrs. Chia-Hua Chang 
and Wen-Jsao Yang for their careful reading of the 
plates, and Dr. Robert N. Varney for his constructive 
criticism. 
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The New Element Berkelium (Atomic Number 97)* 


S. G. THompson, A. Guiorso, AND G. T. SEABORG 
Radiation Laboratory and Department of Chemistry, University of California, Berkeley, California 
(Received July 24, 1950) 


An isotope of the element with atomic number 97 has been discovered as a product of the helium ion 
bombardment of americium. This isotope decays with the emission of alpha-particles of maximum energy 
6.72 Mev (30 percent) and it emits lower energy alpha-particles of energies 6.55 Mev (53 percent) and 
6.20 Mev (17 percent). The half-life of this isotope is 4.60.2 hr. and it decays primarily by electron cap- 
ture with about 0.1 percent branching decay by alpha-particle emission. The mass number is probably 243 
as indicated by chemical separation of the alpha-particle and electron-capture daughters. The name 
berkelium, symbol Bk, is proposed for element 97. 

The chemical separation of element 97 from the target material and other reaction products was made by 
combinations of precipitation and ion exchange adsorption methods making use of its anticipated (III) and 
(IV) oxidation states and its position as a member of the actinide transition series. The distinctive chemical 
properties made use of in its separation and the equally distinctive decay properties of the particular isotope 
constitute the principal evidence for the new element. 

The isotope Cm** is identified experimentally as a result of its production as a decay product of Bk™*. 
The Cm** decays by the emission of alpha-particles of maximum energy 5.89 Mev (15 percent) and lower 
energy alpha-particles of energy 5.79 Mev (85 percent); the half-life for alpha-particle emission is estimated 
to be roughly 100 yr. 





I. INTRODUCTION 


HE transuranium elements numbers 96, curium, 
and 95, americium, were discovered in 1944, the 
first by Seaborg, James, and Ghiorso,’ the second by 


* This work was performed under the auspices of the AEC. 

1 Seaborg, James, and Ghiorso, he Transuranium Elements: Re- 
search Papers (McGraw-Hill Book Company, Inc., New York, 
1949), Paper No. 22.2, National Nuclear Energy Series, Plutonium 
Project Record, Vol. 14B. 


Seaborg, James, and Morgan.” The search for trans- 
curium elements was begun by us in the fall of 1945. 
It was anticipated* that element 97 as eka-terbium in 
the actinide transition series would possess oxidation 
states (III) and (IV) with properties similar to curium 
in the (III) oxidation state and to plutonium (IV) in 

? Seaborg, James, and Morgan, National Nuclear Energy Series, 


see reference 1, Paper No. 22.1. 
3G. T. Seaborg, Nucleonics 5, No. 5, 16 (1949). 
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its (IV) oxidation state. It was more difficult to esti- 
mate the oxidation potential of the (III)—»(IV) couple 
but it was expected that element 97 would be somewhat 
easier to oxidize than terbium (IIT) which is not oxidiz- 
able to higher states in aqueous solution at all. The 
salient point is that if element 97 could not be con- 
verted to an oxidation state higher than (III) in solu- 
tions it would be extremely difficult to separate in a 
short period of time from rare earth elements and from 
the actinide elements from which it would be produced. 
Americium is very difficult and curium probably im- 
possible to oxidize above the (III) state in aqueous 
solution.’ In other words, it appeared that it might be 
necessary to use tedious rare earth separations in order 
to separate and identify the new element, the isotopes 
of which do not exist in nature and whose neutron- 
deficient isotopes as produced by alpha-particle and 
deuteron bombardments would have short half-lives as 
a result of considerable instability toward alpha-par- 
ticle emission and electron-capture decay. 

In view of the fact that sufficiently intense beams of 
energetic particles of nuclear charge greater than two 
were not available at the time of this research, it is 
obvious that there were only two methods of approach 
to the production of element 97. The first approach was 
through the bombardment of americium with helium 
ions or the bombardment of curium with deuterons or 
helium ions. The second (not yet successful) was through 
intensive neutron irradiations of curium in order to 
produce eventually through successive (m, ) reactions 
a curium isotope of mass sufficient to be unstable toward 
negative beta-particle decay and so to produce an iso- 
tope of element 97. 

Both methods were employed in attempting to ob- 
serve element 97 and for each, different chemical pro- 
cedures were used. Some of these procedures were de- 
signed to separate the new element in oxidation states 
greater than (III) and others were used on the assump- 
tion that element 97 existed in solution under most 
conditions in the tripositive oxidation state. 

Although the broad assumptions made when the 
work was started were all correct, the experiments done 
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Fic. 1. Schematic sketch of the special target assembly for 
the bombardment of Am*! with helium ions in the 60-inch cyclo- 
tron. The radioactivity is prevented from entering the cyclotron 
and is confined safely during transportation. 
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prior to December, 1949, were unsuccessful .for many 
reasons which may be grouped into three classes. First, 
the methods of predicting the properties of the new 
isotopes were relatively undeveloped and the experi- 
ments were never done with sufficient speed. The fur- 
ther development of the alpha-decay systematics made 
it possible to estimate energies and half-lives for alpha- 
particle decay. The resulting estimated alpha-particle 
decay energies could be used in calculating by closed 
decay cycles the total energies for electron-capture 
decay or beta-particle decay. An empirical method of 
estimating electron-capture half-lives from disintegra- 
tion energies was also developed® which, although very 
rough due to uncertainties in the degree of prohibition 
of this mode of decay in any given case, was very useful 
in making half-life estimates. 

The second major difficulty was that of obtaining 
sufficiently large amounts of americium and curium as 
sources for the production of element 97. Eventually 
americium became available in milligram amounts 
through neutron irradiation of plutonium.® The isola- 
tion of the americium from the plutonium required 
tedious chemical procedures. The curium was produced 
in smaller amounts by the irradiation of americium with 
neutrons.” ® 

The intense radioactivity of the americium and 
curium source materials presented the third major 
difficulty. This radioactivity necessitated not only the 
design and development of advanced techniques and 
equipment’ for its safe handling, but also made it 
necessary to attain enormous separation factors in the 
isolation of the new element from the target material 
in order to be able to detect the small amounts of radio- 
activity due to it. Furthermore, this high degree of 
separation had to be carried out in good yield in a 
short length of time. 

Essentially three chemical steps were developed to 
solve these chemical problems. The conversion of the 
americium to a hexapositive oxidation state* was used 
in the rapid removal of the bulk of the bombarded 
americium. An ion exchange method involving the 
separation of the actinide elements as a group from the 
rare earth fission products by elution with concentrated 
HCl from a cation exchange column® was exploited for 
the rapid ‘separation of the tripositive actinide ele- 
ments. An ion exchange method involving elution from 
a cation exchange resin at elevated temperature with 
ammonium citrate solution was used in the rapid sepa- 
ration of the tripositive actinide elements from each 
other. These steps had been worked out adequately 
by December, 1949, and the first successful experiment 

4 Perlman, Ghiorso, and Seaborg, Phys. Rev. 77, 26 (1950). 

5S. G. Thompson, Phys. Rev. 6, 319 (1949). 

: — James, Morgan, and Seaborg, Phys. Rev. 78, 472 
é' 7 Nelson Garden and co-workers (unpublished work). 
1425 Hoe). Stephanou, and Penneman, J. Am. Chem. Soc. 72, 


(1950). Street, Jr. and G. T. Seaborg, J. Am. Chem. Soc. 72, 2790 
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was done on December 19, 1949, as recently reported 
in a preliminary fashion.’ Three successful confirmatory 
experiments were completed by February 15, 1950. For 
convenience of expression the name berkelium, symbol 
Bk, will be employed in the following discussion. The 
reasons for suggesting this name will be presented at 
the end of the paper. 


Il. EXPERIMENTAL METHODS 
Extraction of Americium 


The Am! used as target material for the production 
of element 97 was separated from strongly neutron- 
irradiated plutonium into which it grew as the daughter 
of the beta-particle decay of ~10-yr. Pu™!. The isotope 
Pu! is produced® by the reactions Pu™®(n, y)Pu™°® 
(n, y)Pu%! and the americium was separated and puri- 
fied by combinations of precipitation and ion exchange 
methods. 


Preparation and Bombardment of Targets 


The americium targets were prepared for bombard- 
ment in the Crocker Laboratory 60-inch cyclotron by 
the evaporation of americium nitrate solutions in small 
platinum dishes of ~0.5-cm? area followed by ignition 
to form black americium oxide. The americium used 
was of about 96 percent chemical purity as determined 
by spectrographic analysis. The major impurities were 
sodium (about 1.5 percent), zinc (about 1 percent), 
calcium (0.2 percent), aluminum (0.5 percent), and 
titanium (0.2 percent). These targets were placed in- 
side a special target assembly, indicated schematically 
in Fig. 1, which was designed to prevent alpha-radio- 
activity from entering the cyclotron and to eliminate 
its spread to the surroundings during transportation. 
In this assembly the particle beam from the cyclotron 
was passed through two thin duralumin foils (each 1.5 
mil in thickness) before entering the evacuated com- 
partment containing the sample, and the compartment 
was isolated from the surroundings. The beam was also 
passed through a thin platinum foil placed directly in 
contact with and over the target dish. The thickness of 
this foil was changed to vary the energy of the particles 
(initial energy about 40 Mev). The duralumin foils 
reduced the energy to about 37 Mev and the 0.5-mil 
platinum foil further reduced it to about 35 Mev. This 
platinum foil also served to reduce the spread of radio- 
activity through the evacuated compartment. The back 
of the platinum dish containing the sample was cooled 
directly with a water jet. The intensity of the beam of 
helium ions striking the sample was determined by 
measuring the charge accumulated on the insulated 
target dish and foil. The energies of the helium ions were 
calculated as ranging from 30 to 35 Mev in various 
bombardments. (The intensity of the bombardments 
averaged about 2 ua/cm? and the time of bombardment 
was usually about 6 hr.) 


10 Thompson, Ghiorso, and Seaborg, Phys. Rev. 77, 838 (1950). 


Chemical Procedure 
Following the bombardments, the platinum dish 


. containing the sample was removed to a gloved box and 


the americium oxide dissolved in 6M nitric acid with 
heating (about 75°C). Americium hydroxide was pre- 
cipitated with the addition of excess ammonium hy- 
droxide and separated by centrifugation. The hydroxide 
was dissolved in dilute (0.1M) HNOs, the solution was 
made 0.2M in ammonium persulfate and 0.2M in 
ammonium sulfate and the americium converted to the 
hexapositive (fluoride-soluble) oxidation state by heat- 
ing (in the case of the best results) for about 13 hr. at 
75°C. The major part of the americium was separated 
early in this manner in order to reduce the bulk of ma- 
terial with the berkelium and make possible the use of 
resin columns of smaller diameter. Although not abso- 
lutely necessary, this improves the sharpness and speed 
of the chemical separations. Unoxidized americium was 
precipitated by the addition of hydrofluoric acid (3M), 
the insoluble americium (III) fluoride carrying with it 
curium, element 97, and some—mostly rare earth— 
fission products. The fluoride precipitate was converted 
to a hydroxide by treatment with 6M KOH followed by 
centrifuging and washing. The hydroxide precipitate 
was dissolved in dilute perchloric acid (0.5M) and the 
mixture of radioactivities was adsorbed on a small 
amount of ammonium form Dowex-50 resin’ (spherical 
fines) which was then transferred to a 20-cm length, 
2-mm diameter column packed with the same resin. 
The column was surrounded by a vapor jacket through 
which passed trichloroethylene vapor to maintain the 
temperature at about 87°C. The elution was performed 
by passing ammonium citrate (buffered with citric 
acid to pH 3.5—total citrate concentration 0.25M) 
through the column at a rate of 1 drop (~0.030 cm’) 
about every two minutes and the drops were collected 
separately. (The element 97 fractions were usually col- 
lected in drops 40-45, and for comparison curium was 
collected in drops 65-70. The element 97 position is 
between terbium and gadolinium on these columns.) In 
order to separate the element 97 which was being sought 
from residual rare earth fission products, the citrate 
fractions in which it was present were combined and 
made acidic by the addition of hydrochloric acid. The 
activity was adsorbed on Dowex-50 resin and trans- 
ferred to an approximately 7-cm length column packed 
with Dowex-50 resin (hydrogen form). Berkelium was 
then removed from the column more rapidly than the 
lanthanide elements by elution with 13M HCl, which 
forms stronger complex ions with tripositive actinide 
elements than it does with rare earth elements.® In the 
first successful search for element 97, the column em- 
ploying hydrochloric acid for elution was used first for 
separation of the actinide elements as a group from the 
rare earth elements before using the column in which 
elution is performed with citrate to separate the in- 


108 Dow Chemical Company, Midland, Michigan. 
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Fic. 2. Typical alpha-particle pulse analysis curve of the 4.6-hr. 
radioactivity obtained from the chemical separations of an ele- 
ment 97 fraction. The three alpha-particle groups, their energies 
and abundances are shown. 


dividual actinide elements, thus making it possible to 
observe electron and electromagnetic radiations as well 
as alpha-radioactivity during the latter step. In this 
case the excess hydrochloric acid was removed from 
the actinide fraction elutriant solution by rapid evapora- 
tion of the solution in the presence of an air jet. The 
berkelium separated in either manner was carrier-free 
and could be evaporated directly on platinum plates 
for counting purposes. Ignition of the plates to red 
heat removed the citric acid. In some cases where ex- 
tremely. thin samples of the radioactivity were de- 
sirable for alpha-pulse analysis, berkelium was vola- 
tilized in a vacuum from a hot filament and collected 
on a platinum disk. ' 

In those experiments directed toward the deter- 
mination of the mass number of the berkelium isotope, 
a radiochemically pure element 97 fraction was obtained 
and after its decay the residual daughter activities were 
separated in another high temperature column employ- 
ing Dowex-50 resin and ammonium citrate as the eluting 
agent as described above. Traces of Am™! and Cm™” 
were present and served to mark the positions of these 
elements in the fractions from the column. The thin 
plates made of these fractions were examined in the 
differential pulse analyzer and in the windowless pro- 
portional counter mentioned below. 


Experimental Methods Used in Radioactivity 
Measurements 


The thin deposits of the radiochemically pure ele- 
ment 97 fractions on platinum plates were examined 
in the differential alpha-particle pulse analyzer." In 
this instrument individual pulses from an ionization 
chamber are sorted electronically and recorded on 48 
fast mechanical registers in such a manner as to sepa- 
rate the individual alpha-particle energies from a mix- 
ture of alpha-emitters. In establishing values for the 


11 Ghiorso, Jaffey, Robinson, and Weissbourd, National Nu- 
clear Energy Series, see reference 1, Paper No. 16.7. 


alpha-particle energies of the new isotope, direct com- 
parison was made with pulse analyses of thin samples 
of isotopes whose alpha-energies are well known, using 
the same instrumental conditions. 

The thin deposits containing the element 97 fraction 
were also examined for any electron, x-ray, or gamma- 
ray radiations which might accompany decay by elec- 
tron capture. In some instances high efficiency was ob- 
tained by using a windowless proportional counter to 
detect Auger electrons. The samples obtained in the 
precipitation chemistry experiments (to be mentioned) 
were counted close to the thin window (3 mg/cm? mica) 
of a bell-jar-type Geiger counter filled with a mixture 
of 0.8 cm pressure of amyl acetate plus 11 cm pressure 
of xenon instead of the usual alcohol-argon mixture. 
The use of xenon enhances the efficiency for counting 
L x-rays. Hereafter in this paper this type of tube 
will be referred to as a xenon-filled Geiger tube. In the 
case of these relatively thick samples an aluminum 
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of Bk** using a xenon gas proportional counter connected to the 
differential pulse analyzer. The energies of these x-rays agree 
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absorber of thickness ~20 mg/cm? was used between 
the sample and counter window to reduce errors due 
to variable absorption of soft components as a function 
of differences in sample thickness. In some of the ex- 
periments samples were counted with various thick- 
nesses of absorber (usually beryllium and beryllium 
together with lead) between the sample and the counter 
window in order to estimate energies and distinguish 
between electrons and electromagnetic radiations. 

The L x-rays as counted in the xenon-filled Geiger 
counter were used as the basis for calculation of dis- 
integration rates and total numbers of atoms. The L 
x-ray counting yield for the electron-capture isotope 
U*! had been determined previously by Crane, Ghiorso, 
and Perlman” using the same counter and conditions 
of measurement as were used by us. They compared 
the number of L x-ray counts of their U™! samples with 
the number of Pa™! daughter alpha-particles observed 


after complete decay. Defining counting yield as the ~ 


#2 Crane, Ghiorso, and Perlman (unpublished work). 
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total number of LZ x-ray counts at approximately 10 
percent geometry observed with a xenon-filled Geiger 
tube corrected to the number of counts at no absorber 
divided by the corresponding total number of electron- 
capture daughter atoms produced, Crane eé al. obtain 
a counting yield of 0.0025. The same factor was used 
in the present work to calculate the disintegration rate 
after making suitable corrections for the differences in 
absorption and in counting efficiency in the counter 
used resulting from differences in energies of the x-rays 
of curium and protactinium. The use of this method 
tacitly assumes that the number of L x-rays emitted 
per disintegration is the same for the two isotopes U™*! 
and Bk™*, There was some experimental justification 
for this as evidenced by the ratios of counting rates 
in the xenon-filled counter and in the windowless pro- 
portional counter where the Auger electrons are counted. 
(These measurements made under as nearly identical 
conditions as possible gave ratios for the two isotopes 
which agreed within five percent.) Further justification 
was found in the observation that there are no signifi- 
cant numbers of soft gamma-rays of energies close to 
those of the Z x-rays emitted in the decay of either 
isotope. This observation was made by pulse analysis 
of the pulses produced in a xenon gas-filled propor- 
tional counter using the same 48-channel instrument as 
was used in measuring alpha-particle energies. This 
method of x-ray energy determination is similar to one 
reported previously.!* The energies of the L x-rays were 
established to be approximately those of curium and 
no extraneous soft gamma-rays were observed. 


Ill. EXPERIMENTAL RESULTS 
Results of Radioactivity Measurements 


Applying the procedures described above to helium 
ion bombarded targets of Am™! and examining the 
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Fic. 4, Alpha-pulse analysis of alpha-radioactivity remaining 
after complete decay of the 4.6-hr. radioactivity. A new alpha- 
radioactivity of energy 5.89 Mev (15 percent) and 5.79 Mev (85 
percent) is observed which was proved by chemical separations 
to be a curium isotope (probable mass 243). The isotope Cm*® is 
present as a trace not completely removed in the chemical 
separations. 


18 Kirkwood, Pontecorvo, and Hanna, Phys. Rev. 74, 497 (1948). 


radioactivity in the separated fractions expected to 
contain element 97, distinctive high energy alpha- 
radioactivity and radiations typical of the electron- 
capture process were revealed. All of the radioactivity 
decayed with a 4.6-hr. half-life. 

The results of a typical experiment in which alpha- 
particle energies and group abundances were measured 
by differential pulse artalysis are shown in Fig. 2. The 
rate of decay of each energy group was measured by 
plotting the area under each peak versus the time of 
decay of the radioactivity. All three peaks were ob- 
served to decay with a half-life of 4.60.2 hr. through 
a decay factor of more than 100. Furthermore, it was 
observed in examining berkelium fractions from sepa- 
rate bombardments that the ratio of the numbers of 
alpha-particles corresponding to the three different 
energy groups of the 4.6-hr. activity remained constant 
regardless of the energy of the helium ions used for 
bombardment. 

The radiations associated with the electron-capture 
decay were characterized in a qualitative manner by 
differential absorption in beryllium and lead absorbers 
using the xenon-filled Geiger counter previously men- 
tioned. Present were electromagnetic quanta of energy 
10 to 20 kev and harder electromagnetic quanta of 
energy greater than about 70 kev, some of which were 
probably K x-rays. No attempt was made to measure 
more energetic gamma-rays. Present also were con- 
version electrons of maximum energy of about 0.5 
Mev, and the number of these electrons appeared to be 
about five percent of the total number of disintegra- 
tions based on the assumptions as to counting yield 
given in the previous section. 

The half-life for the decay of the new berkelium iso- 
tope was also determined by observing the variation 
of its counting rate with time both in the windowless 
proportional counter and in the xenon-filled Geiger 
counter. In the latter case three determinations, each 
with different absorbers placed between the sample and 
the counter window, were made. The absorbers used 
were 6.9 mg/cm? aluminum, 1.46 g/cm? beryllium, and 
1.46 g/cm? beryllium together with 93 mg/cm? lead 
above the beryllium, respectively. In all cases the count- 
ing rate was followed through a decay factor varying 
between 100 and 1000 giving a value for the half-life 
of 4.60.2 hr. 

The energies of the L x-rays associated with the decay 
of the new isotope were determined using the xenon- 
filled proportional counter as mentioned previously. 
The data are best shown by reference to the typical 
pulse analysis curve of Fig. 3. 


Daughters of the Alpha-Particle and 
Electron-Capture Decay 


Following the complete decay of the berkelium 
radioactivity, differential alpha-pulse analysis of the 
residual activity indicated the peaks shown in Fig. 4. 
The alpha-particle groups of 5.89 Mev (15 percent) 
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and 5.79 Mev (85 percent) are taken to be due to the 
orbital electron-capture daughter of berkelium. The 
other peak represents a sinall amount of Cm™*, in- 
completely separated in the original column runs. In this 
connection it should be noted that all of the alpha- 
radioactivity in the sample amounts to only a few dis- 
integrations per minute. 

No decay of the previously unknown 5.89- and 5.79- 
Mev alpha-particle groups occurred over a period of a 
few weeks. The chemical separations to be mentioned 
below showed that this new group belongs to a new 
curium isotope, probably Cm™*, and that it was pro- 
duced by the electron-capture decay of the 4.6-hr. 
berkelium activity. The amount of the new curium 
alpha-radioactivity observed, together with the initial 
electron-capture disintegration rate of the 4.6-hr. 
activity in the same sample, made it possible to calcu- 
late a partial alpha-particle decay half-life of about 
100 yr. for the curium isotope. In this calculation the 
method described in the section on experimental work 
was used in which the disintegration rate of the 4.6-hr. 
activity was calculated from its L x-ray counting rate 
in the xenon-filled Geiger counter at the time the 
berkelium was first isolated from other radioactivities. 
From this value, the total number of curium atoms pro- 
duced by the complete decay of the berkelium was 
calculated and this, together with the disintegration 
rate of the curium thus produced, were used to calcu- 
late the half-life. Other considerations show that 
Cm** may be either very slightly unstable toward decay 
by electron capture or perhaps beta-stable. 





T T T T T ' 





Tb 





COUNTS PER MINUTE PER DROP 


1 ee me oe 








1 i 1 1 1 i 
10 20 30 40 50 60 70 80 
DROPS OF ELUTRIANT 








Fic. 5. A composite curve showing the relative positions at 
which various actinide and lanthanide elements are eluted by an 
ammonium citrate solution from a column of Dowex-50 main- 
tained at high temperature. Free column volume of about seven 
drops is subtracted from thé actual drop number in this case. 


4 Street, Ghiorso, and Seaborg, Phys. Rev. 79, 530 (1950). 


The americium and curium daughters produced by 
the electron capture and alpha-particle decay of the 
new 4.6-hr. activity were separated chemically using 
a Dowex-50 resin column according to the method pre- 
viously described. This separation was made approxi- 
mately 27 hr. after the berkelium fraction had been 
isolated from other radioactivities. At this time all 
except about two percent of the berkelium had under- 
gone decay so that the daughters were present as the 
result of essentially complete decay, but there was still 
enough berkelium present to indicate its position in 
the column elution sequence. Present also was a trace 
of Am™! to mark the position of americium isotopes. 
The elutriant fractions from the column showed the 
presence in the proper fractions of the curium isotope 
with the alpha-particles of 5.89 and 5.79 Mev energy 
of abundance 15 and 85 percent, respectively, shown 
in Fig. 4, and a very small amount of an americium 
isotope of about 15-hr. half-life as shown by counting 
Auger electrons in the windowless proportional counter 
(previously described). 

It was only possible to follow the 15-hr. activity 
through a very small decay factor (about 2) so the 
probable error in half-life determination is about 40 
percent. The background resulting from the presence 
of Am™! was approximately one-half the total counting 
rate. The amount of this short-lived activity formed 
was very nearly the amount expected if it is due to the 
12-hr. electron-capturing Am”® produced" by the alpha- 
particle decay branching of Bk™* and if it is also as- 
sumed that the counting efficiencies in the windowless 
proportional counter for these two isotopes are the same. 


Branching Ratio and the Cross Section 
for Formation of Bk?** 


The disintegration rates corresponding to measured 
fractions of the total berkelium produced in the bom- 
bardments were calculated from the L x-ray counting 
rates as previously described. The corresponding alpha- 
particle disintegration rates of the 4.6-hr. activity allow 
a direct calculation of the alpha-decay to electron- 
capture decay ratio. The alpha-branching percentage 
was found to be approximately 0.1 percent. The corre- 
sponding, partial half-life for alpha-particle emission is 
calculated directly as about a year. 

The cross section for the production of the 4.6-hr. 
activity in the bombardment of Am™! with 35-Mev 
helium ions is calculated as about 10-** cm. The corre- 
sponding cross section for the reaction at 30 Mev 
appears to be lower possibly by as much as a. factor of 
two, although the latter value is less reliable. These 
calculations are based on the assumptions mentioned 
previously in regard to counting yields for the L x-rays. 


Chemical Results—Ion Exchange Behavior 


The behavior of the new 4.6-hr. activity in the ion 
exchange separations used in its isolation are highly 
significant for the assignment of the atomic number 97. 
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The results of the column separations involving am- 
monium citrate elution from a Dowex-50 resin column 
are best shown by the elution curves given in Fig. 5. 
This curve is a composite taken from several typical 
experiments. In some of the experiments the rare 
earth fission products were not removed until after the 
4.6-hr. activity had been separated from curium and 
residual americium; in such cases a direct comparison 
of the elution position of element 97 with the elution 
positions of some rare earth elements was obtained and 
these results are included in the composite curves of 
Fig. 5. The relative positions of the other rare earths 
were obtained from separate experiments performed 
under as nearly identical conditions as possible. In all 
cases radioactive isotopes of the elements were present 
at tracer concentrations without added inactive iso- 
topes. The activities were counted with a Geiger 
counter except for americium and curium whose alpha- 
particles were counted. The ordinate is given as counts 
per minute per drop; in some cases the counting rates 
are normalized to allow plotting on a scale suitable for 
comparison. 

These results might be summarized thus: element 97 
elutes in a position well ahead of curium as would be 
expected, and it is found between the rare earths ter- 
bium and gadolinium. 

A region of particular importance is illustrated in 
Fig. 6 which compares the elution positions of the group 
berkelium-curium-americium of the actinides with those 
of the homologous lanthanide group terbium-gado- 
linium-europium. Here the ordinates are normalized to 
show equal amounts. These results might also be 
summarized thus: the difference in rates of elution be- 
tween berkelium and curium as compared with the 
difference between curium and americium is remarkably 
similar to the spacing terbium-gadolinium and gado- 
linium-europium. 

With regard to the group separation of actinides from 
rare earths using the Dowex-50 resin column with 13M 
HCl, the new 4.6-hr. activity was always separated in 
the fraction containing curium and americium. These 
fractions were free of rare earth fission products which 
were removed from the column much more slowly be- 
cause of the lesser extent of rare earth complexing with 
hydrochloric acid. , 


Chemical Results—Tracer Experiments 
Using pure solutions of the 4.6-hr. activity prepared 


by the ion exchange separations method a number of . 


separate tracer experiments were performed to extend 
the knowledge of the chemical properties of the new 
element. Carriers such as lanthanum fluoride, lan- 
thanum hydroxide, copper sulfide, zirconium phosphate, 
and ceric iodate were employed under conditions in 
which the behavior of other actinide elements is well 
known. The oxidation-reduction properties of berkelium 
were studied with such agents as bromine, chlorine, 
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Fic. 6. Relative spacing of berkelium-curium-americium and 
their rare earth homologues, terbium-gadolinium-europium, in 
their elution from a high temperature Dowex-50 resin column with 
ammonium citrate solution. Free column volume of about seven 
drops is subtracted from the actual drop numbers in this com- 
parison. 


dichromate ion, bromate ion, cerium (IV) ion, per- 
manganate ion, and sodium bismuthate. In these ex- 
periments the distribution of the berkelium into the 
various fractions was determined by counting the 
radiation with a Geiger counter. A complete report of 
these experiments is published elsewhere!® but the 
salient results will be summarized here. 

It was found that the 4.6-hr. activity was not carried 
by zirconium phosphate unless powerful oxidizing agents 
such as bromate ion or sodium bismuthate were pres- 
ent; in the presence of these oxidizing agents it was well 
carried. It was well carried by the carriers lanthanum 
fluoride or lanthanum hydroxide in solutions ranging 
from strongly reducing to strongly oxidizing. 

In the case of lanthanum hydroxide, excellent carry- 
ing was obtained regardless of whether potassium hy- 
droxide or ammonium hydroxide was used for precipita- 
tion of the carrier. In the absence of oxidizing agents, 
the 4.6-hr. radioactivity was not carried by the in- 
soluble sulfides of copper and bismuth precipitated in 
0.3M HCl; and in strong hydrochloric acid, it was not 
adsorbed by the anion exchange resin Dowex A-1. By 
means of the use of various oxidizing agents including 
mixtures of cerium (III) and cerium (IV), the 4.6-hr. 
activity was found to have behavior so near to that of 
cerium as indicated by carrying or non-carrying with 
zirconium phosphate and ceric iodate that the oxidation 
potential for the couple Bk (III)—Bk (IV)+e must 
be about —1.6 volt on the scale where the hydrogen- 


146 Thompson, Cunningham, and Seaborg, J. Am. Chem. Soc. 
72, 2798 (1950). 
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hydrogen ion potential is zero.!® These results may be. 
summarized thus: element 97 has properties closely 
resembling those of cerium, particularly with regard to 
its oxidation potential. However, differences between 
berkelium and cerium were observed in the properties 
of the tripositive oxidation state where berkelium is 
more like terbium (III), as shown by resin column 
separations. With 13M HCl, of course, relatively large 
differences between berkelium (III) and all rare earths 
with respect to formation of complex ions were observed. 


IV. DISCUSSION OF RESULTS 


The experiments and results which have been given 
provide the evidence for the discovery of an isotope of 
element 97. That the 4.6-hr. activity observed in the 
experiments is, beyond reasonable doubt, an isotope of 
' element 97 is proved by the following essentially inde- 
pendent means: 

(1) It separates in the “eka-terbium” position ex- 
pected for element 97 in elutriant fractions from the 
Dowex-50 resin column with ammonium citrate as the 
eluting agent. The relative spacing between berkelium 
and its actinide neighbors is remarkably similar to the 
relative spacings between the homologous lanthanides. 

(2) Its behavior with various carriers and oxidizing 
_ agents shows it to have (III) and (IV) oxidation states 
as expected. Although very similar to cerium in this 
respect, the cerium and all rare earth fission products 
were separated from it by means of the Dowex-S0 resin 
column employing hydrochloric acid as the eluting 
agent. 

(3) Its radioactive properties, particularly the high 
alpha-particle energies, are distinctive for a very heavy 
element. This may be illustrated by referring to the 
various figures of reference 4 which show the mass 
number and alpha-half-life versus energy relationships 
of various nuclides as a function of atomic number. 
That the atomic number is clearly greater than 94 is 
also proved by measurement of the energy spectrum 
of the LZ x-rays in the xenon proportional counter con- 
nected to the pulse analyzer. It may be noted there are 
no known plutonium, americium, or curium isotopes of 
4.6-hr. half-life. 

(4) The identification of curium and americium 
daughters which are produced by electron capture and 
alpha-particle decay place the atomic number as 97. 

The best evidence in regard to the mass assignment 
is the growth of the americium daughter activity of 
half-life about 15 hrs. which must have been produced 
by the alpha-particle decay of the 4.6-hr. activity. 
The small observed amount of this approximately 15-hr. 
activity made it difficult to determine a precise value of 
the half-life or to characterize the radiations. However, 
the only known americium isotope of similar half-life 
characteristics is the 12-hr. electron-capture isotope 
Am*® whose assignment is practically certain. The 


16W. M. Latimer, Oxidation Potentials (Prentice-Hall, Inc., 
New York, 1938). 
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activities were sufficiently similar and the amount of 
the 15-hr. activity sufficiently near expectations as to 
make the identification probable. Therefore, the mass 
number of the 4.6-hr. berkelium activity is probably 243. 

The growth of the curium isotope which emits alpha- 
particles of about 5.89 and 5.79 Mev energy also sug- 
gests the assignment to mass 243 for the following 
reasons. Other experiments performed in this laboratory 
have indicated that Cm™ emits alpha-particles of about 
5.79 Mev energy and that its alpha-half-life is of the 
order of 10 yr.1” The amount of curium daughter alpha- 
radioactivity which was formed by the electron-capture 
decay of the berkelium isotope indicates that the alpha- 
decay half-life of the new heavy curium isotope is of 
the order of 100 yr. This energy and half-life would 
agree best with the alpha-decay systematics‘ if as- 
signed to Cm™*, In this connection it should be pointed 
out that the 30-Mev helium ions used in the lowest 
energy bombardment of the americium are below the 
threshold for the production of observable yields of 
the (a, 4) reaction in this region so that berkelium 
isotopes of mass number less than 242 should not have 
been produced. The observed cross section (~ 10° cm?) 
is of the same order of magnitude as cross sections for 
the (a, 2m) reaction with helium ions of 30 to 35 Mev 
energy in the production of other heavy isotopes. 

When the three alpha-particle groups of the 4.6-hr. 
activity were first observed, the possibility was indicated 
that more than one isotope of element 97 might be pres- 
ent. This possibility was probably eliminated as follows: 
All three groups decayed with a 4.6-hr. half-life as did 
the electron-capture radiations. There was no difference 
in the ratios of the three groups when the energies of the 
helium ions used in the bombardments were varied. If 
another isotope had been present in significant amounts, 
its daughters would have been detected. 

It is interesting to consider the explanation of the 
three groups of alpha-particles. Reference to the half- 
life versus energy relationships for the odd atomic 


number nuclides as given in Fig. 8 of reference 4 shows . 


that an alpha-decay half-life of the order of a day or 
less might be expected for an isotope of element 97 with 
an unforbidden transition having a maximum alpha- 
particle energy of 6.72 Mev. Therefore, alpha-particle 
decay in the isotope 97° is highly forbidden, perhaps 
by a factor of 10? or 10°. Since the transition between 
ground states is highly forbidden, the transition to 
excited states of the product nucleus becomes probable 
even though the total difference in energy involved is 
less, so it is reasonable to have low energy alpha-groups 
of intensity comparable to the ground state transition. 
This is not unreasonable for a nucleus with an odd 
nucleon (proton) like Bk™*. 

It is also interesting to consider the relationship be- 
tween energy and the half-life for electron capture. The 
disintegration energy of Bk™* may be calculated by 


17 Street, Ghiorso, and Thompson (unpublished work). 
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means of closed cycles and used to estimate a half-life 
for electron capture by the method of Thompson.® The 
disintegration energy so obtained corresponds to a 
half-life considerably less than one hour if applied to 
the curve’ which includes most of the data. The new 
isotope appears to represent a case whose electron- 
capture decay is more forbidden than most of the other 
heavy odd-even type nuclei. This situation is, of course, 
fortunate insofar as the identification of the new ele- 
ment is concerned. If the isotope Bk™* had not been 
forbidden with respect to decay by electron capture, 
the identification of the new element might have been 
delayed until even more rapid chemical separations and 
techniques could be developed. The other isotopes of 
berkelium formed in the present bombardments are 
presumably all shorter-lived than Bk™*. 


V. SUMMARY 


An isotope of element 97 (berkelium, symbol Bk) has 
been produced and identified. This isotope probably 
the mass number 243 as produced in the reaction 
Am”!(q, 2m)Bk™*, It decays predominantly by elec- 
tron capture with a half-life of 4.60.2 hr. and ex- 
hibits about 0.1 percent alpha-particle decay branch- 
ing. The alpha-particles are of three groups, the maxi- 
mum energy being 6.72 Mev (30 percent). The other 
two energy groups are 6.55 Mev (53 percent) and 6.20 
Mev (17 percent). The bombardments were made with 
30- to 35-Mev helium ions in the Berkeley Crocker 
Laboratory 60-inch cyclotron. The chemical separa- 
tions were made using a combination of precipitation 
methods and high temperature ion exchange columns 
with Dowex-50 resin. The growth of a curium isotope 
decaying by the emission of alpha-particles of energy 
5.89 Mev (15 percent) and 5.79 Mev (85 percent) was 
observed in a radiochemically pure berkelium fraction. 
This curium isotope is probably Cm™* produced by the 
electron-capture decay of Bk™* and has a half-life esti- 
mated from yield of some 100 yr. Chemical separations 
on the decay products of the Bk™* also revealed an 
americium isotope of about 15-hr. half-life, which 
appears to be identical within the limits of error of the 
experiment with the known 12-hr. electron-capturing 
Am*®, The cross section for the formation of Bk™* 
by the (a, 2m) reaction is approximately 10~** cm?. The 
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chemical properties of the berkelium are typical of 
those of the actinide elements. Its tripositive oxidation 
state bears the same relationship to curium as does 
terbium to gadolinium as shown by the separations on 
ion exchange resin columns. The analogy between 
these two groups of elements is apparent, indicating 
the same kind of break in ionic radius at the point of 
half-filling of the 5f electron shell (curium) for the 
actinide elements as has been known to exist for the 
analogous point of half-filling of the 4f electron shell 
(gadolinium) for the lanthanide elements. The oxida- 
tion potential for the (III)—(IV) couple of berkelium 
is close to that of the corresponding couple for cerium 
(about —1.6 volt). 


VI. NAME 


It is suggested that element 97 be given the name 
berkelium (symbol Bk) after the city of Berkeley in a 
manner similar to that used in naming its chemical 
homologue terbium (atomic number 65) whose name 
was derived from the town of Ytterby, Sweden, where 
the rare earth minerals were first found. 
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The New Element Californium (Atomic Number 98)* 


S. G. THompson, K. Street, Jr., A. Guiorso, AND G. T. SEABORG 
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Definite identification has been made of an isotope of the element with atomic number 98 through the 
irradiation of Cm* with about 35-Mev helium ions in the Berkeley Crocker Laboratory 60-inch cyclotron. 
The isotope which has been identified has an observed half-life of about 45 min. and is thought to have 
the mass number 244. The observed mode of decay of 98 is through the emission of alpha-particles, with 
energy of about 7.1 Mev, which agrees with predictions. Other considerations involving the systematics of 
radioactivity in this region indicate that it should also be unstable toward decay by electron capture. 

The chemical separation and identification of the new element was accomplished through the use of ion 
exchange adsorption methods employing the resin Dowex-50. The element 98 isotope appears in the eka- 
dysprosium position on elution curves containing berkelium and curium as reference points—that is, it 
precedes berkelium and curium off the column in like manner that dysprosium precedes terbium and 
gadolinium. The experiments so far have revealed only the tripositive oxidation state of eka-dysprosium 
character and suggest either that higher oxidation states are not stable in aqueous solutions or that the 
rates of oxidation are slow. , 

The successful identification of so small an amount of an isotope of element 98 was possible only through 


having made accurate predictions of the chemical and radioactive properties. 





I. INTRODUCTION 


HE discovery! of element 97 in December, 1949, 

was immediately followed by a concentration of 

effort on the search’ for element 98. The methods used 

in the search for these two transuranium elements were 

similar and the solutions to the most difficult problems 

in the work on element 97 were directly applicable 
toward element 98. 

All of the experiments completed prior to February, 
1950, were unsuccessful for reasons which are now 
clearly apparent and the present success in this work 
_has been due to relatively recent advances of several 
types. A very important contribution has been the 
further development of the systematics of radioactivity,? 
particularly in the region of heavy isotopes. The use of 
these systematics enables fairly reliable predictions of 
the half-lives and radiation energies of heavy radio- 
active nuclides to be made. Advances in the knowledge 
and understanding of the chemical properties‘ of the 
heavy elements with improvements in the methods of 
separation®® were likewise of great importance in 
making a solution of the problem possible. Important 
contributions were made through the improvement of 
the methods for the handling and measurement of 
radioactivity.” 

In view of the fact that sufficiently intense beams of 
energetic particles with nuclear charge greater than 


* This work was performed under the auspices of the AEC. 

1 Thompson, Ghiorso, and Seaborg, Phys. Rev. 77, 838 (1950). 
on Street, Ghiorso, and Seaborg, Phys. Rev. 78, 298 

3 Perlman, Ghiorso, and Seaborg, Phys. Rev. 77, 26 (1950). 

4G. T. Seaborg, Nucleonics 5, No. 5, 16 (1949). 

5K. Street, Jr. and G. T. Seaborg, J. Am. Chem. Soc. 72, 
2790 (1950). 

‘Thompson, Cunningham, and Seaborg, J. Am. Chem. Soc. 
72, 2798 (1950). 

7'N. B. Garden and co-workers (unpublished work). 


two were not available at the time of this work, it was 
clear from the beginning that there were only two 
methods of approach to the production of synthetic 
element 98. The first approach, which proved successful, 
was through the bombardment of curium with helium 
ions. This approach provided an advantage in that the 
yields of the (a,xm) reactions were more or less pre- 
dictable. At the same time it possessed a disadvantage 


.in that the isotopes of element 98 so produced should 


be neutron deficient and of relatively short half-life as 
the result of considerable instability toward electron- 
capture and alpha-particle decay. The second approach 
was through intensive neutron irradiations of curium in 
order to eventually produce, through successive (1,7) 
reactions, curium and berkelium isotopes of masses 
sufficient to be unstable toward negative beta-particle 
decay and so produce isotopes of element 98. 

This second approach was subject to great handicap 
in that it involved great uncertainty in the prediction 
of the mass numbers of the desired curium and berke- 
lium isotopes which decay by beta-particle emission. 
The first isotope of element 98 so produced might be of 
mass 248 or 250. Not only is the order of the reaction 
in which these isotopes are produced very large, but 
also the cross sections for the (”,7) reactions cannot be 
reliably estimated. Thus, in this second approach, the 
intense irradiation of curium samples with neutrons 
bears a time scale uncertain within several years. So 
far this method has been employed without success. 

One of the important problems which had to be 
solved was that of obtaining sufficiently large amounts 
of curium as sources for the production of element 98. 
Americium, the source for the production of curium, 
became available in milligram amounts through the 
neutron irradiation of plutonium.’ The curium was 


9 oe James, Morgan, and Seaborg, Phys. Rev. 78, 472 
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produced in smaller amounts by the irradiation of 
americium with neutrons.*® Each step required the 
use of tedious chemical separations. 

-Since the isotope Cm™* has an alpha-decay half-life 
of about 160 days, its intense radioactivity presented a 
major difficulty. The microgram amounts of curium 
available for the alpha-particle bombardments emit 
alpha-particles at the rate of approximately 10" disinte- 
grations per minute. This high level of radioactivity 
necessitated not only the design and development of 
advanced techniques and equipment for its safe han- 
dling’? but also made it necessary to attain enormous 
separation factors of the order of 10° in the isolation of 
an expected 10* to 10‘ atoms of the new element from 
the target material in order to permit the detection of 
its expected radioactivity, amounting to less than 10° 
disintegrations per minute. Furthermore, this high 
degree of separation had to be carried out in good yield 
in a short length of time. In order to provide the 
greatest sensitivity of detection and thus a possibility 
of observing the radioactivity of the new element, it 
was clearly necessary to predict accurately the nuclear 
properties, including the half-life and radiation char- 
acteristics of the isotopes of element 98, so that the 
experiments could be properly designed. Only then 
could the optimum period of the bombardment, time of 
chemical separations and optimum adjustments for the 
measurement of the radioactivity. be established. Like- 
wise, it was necessary to predict the chemical properties 
of the new element so that its rapid separation from the 
target material, Cm™*, and other isotopes produced by 
bombardment could be made. An erroneous prediction 
of any of these pfoperties would have meant unsuccess- 
ful experiments. 

The discovery"!° of element 97 was of primary im- 
portance in making possible better predictions of the 
chemical properties of element 98. In such predictions 
it was first necessary to consider its normal oxidation 
state in aqueous solution. Since the oxidation potential 
of the change Bk(III)—Bk(IV) was found to be quite 
negative® (—1.6 volt), it seemed likely that the 
tripositive state of element 98 would be the state 
normally existing in aqueous solutions. Since the tri- 
positive oxidation state appeared to be the one on 
which the chemical separations would have to depend, 
it was necessary to use the ion exchange methods as 
they were used in the search for element 97 and to 
estimate precisely the position of element 98 relative 
to berkelium and curium in the separations. 

Since berkelium had taken its place as the eighth 
member of the actinide transition series, there was 


®Seaborg, James, and Morgan, The Transuranium Elements: 
Research Papers (McGraw-Hill Book Company, Inc., New York, 
1949), Paper No. 22.1, National Nuclear Energy Series, Plutonium 


- Project Record, Vol. 14B. 


” Thompson, Ghiorso, and Seaborg, Phys. Rev. 80, 781 (1950), 
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1 W. M. Latimer, Oxidation Potentials (Prentice-Hall, Inc., 
New York, 1938). 
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every reason to believe that element 98 should be an 
“eka-dysprosium.” The properties of berkelium made 
clear the existence of the same sort of break in ionic 
radius at the point of half-filling of the 5f electron shell, 
as occurs in rare earth elements at the point of half- 
filling of the 4f shell. Knowing, then, the relation 
between gadolinium, terbium, and dysprosium on the 
one hand, and the homologues curium and berkelium 
on the other, one could estimate with confidence. the 
fractions from the adsorption columns in which tri- 
positive eka-dysprosium (element 98) would be present. 
Using this information it was predicted that element 98 
should be eluted at about 1.4 times the rate of elution 
of berkelium. Needless to say, element 98 could also 
be expected to exhibit normal chemical behavior similar 
to the rare earths—namely, it should carry well with 
rare earth or actinide fluoride and hydroxide precipi- 
tates. 

The identification’ *'° of the isotope Bk** and meas- 
urement of the energies of its alpha-particles also 
provided the key to better predictions of the nuclear 
properties of the isotopes of element 98. By making use 
of these data to extend the systematics of alpha- 
radioactivity,’ it was possible to make improved esti- 
mates of the alpha-particle energies of the isotopes of 
element 98 and of other isotopes of element 97. These 
estimated alpha-particle energies could in turn be used 
to estimate the alpha-decay half-lives of the transcurium 
isotopes® and also to calculate by closed decay cycles 
the total energies for electron capture or beta-decay. 
The electron-capture disintegration energies then led 
to the estimation of half-lives for this mode of decay, 
using an empirical energy versus half-life relationship,” 
which, although very rough due to uncertainties in the 
degree of prohibition, was nevertheless successful in 
attaining useful half-life estimates. By means of these 
methods, it was estimated that the longest-lived isotope 
of element 98 that could be produced by the bombard- 
ment of the isotope Cm” with helium ions should be 
the isotope 98% by the (a,2m) reaction, with an antici- 
pated half-life between 30 min. and several hours and 
emitting alpha-particles with energy in the range 7.0 
to 7.3 Mev. 

The high energies of the alpha-particles emitted in 
the decay of the isotopes of the new element were 
expected to make possible a sensitive means for their 
detection. Such high energy alpha-particles are con- 
veniently observed with great sensitivity and their 
energies measured by means of a differential alpha- 
energy pulse analyzer." In using our instrument in the 
most sensitive manner, it is necessary to limit the total 
amount of alpha-radioactivity in the sample examined 
to less than about 10‘ disintegrations per minute. Thus 
the enormous amount of curium radioactivity in the 
target material used for producing element 98 had to 


2S. G. Thompson, Phys. Rev. 76, 319 (1949). 
18 Ghiorso, Jaffey, Robinson, and Weissbourd, National Nuclear 
Energy Series, Paper No. 16.7, see reference 9. 














T T 


t qT 
Curve No. 8900 
Somple 62AC-1* CITRATE “38 
Time 1420 Date 3/24/50 


w 
bg 
———) 
AK ONLY 
4 


Goins 749 Goine 22 Bios 325 
Chamber 2G Collimator i- ve 
Minutes 20 


Lad 
oO 
T 


n 
° 
T , 
SCALE FOR Cm@*? pe 


a 
T 
b 
° 
8 





ALPHA-COUNTS IN EACH CHANNEL 











p 
i 7 13 19 25 3 37 43 


Fic. 1. Alpha-particle pulse analysis on element 98 fraction 
from first resin column showing 7.1-Mev alpha-particle radio- 
activity in presence of large amount of Cm*® alpha-radioactivity. 


be separated from the isotopes of the new element by a 
factor of some 10° to 10’, as mentioned previously, 
before the alpha-energy pulse analyzer could be used. 

The observation of alpha-particles of energy 7.0 to 
7.3 Mev is of particular significance in itself. Radiations 
of such energy have been observed previously only in 
the decay of the isotopes of elements just above lead as 
members of distinctive chains of alpha-emitters.'* These 
isotopes are of so much lower mass that they cannot be 
produced in bombardments with helium ions of less 
than 40 Mev energy. 

For these reasons the observation of distinctive 
alpha-particle radiations should be expected to provide 
good evidence for the existence of element 98. Further- 
more, evidence based on the alpha-particle radiations, 
together with the observation of the chemical properties 
expected for the element by means of which all of the 
other elements above and including lead are separated, 
should constitute proof of the existence of the new 
element. 

The first successful experiment? in which an isotope 
of element 98 was observed was completed February 9, 
1950. This experiment was designed to allow the 
detection of the long-range alpha-particles of an isotope 
decaying with a half-life as short as 20 min. 


II. EXPERIMENTAL WORK 
Extraction of Curium 


The Cm™ used as target material for the production 
of element 98 was separated from strongly neutron- 
irradiated americium in which it was produced as a 
daughter of the beta-particle decay of the 16-hr. Am", 
The curium was separated from americium and purified 
by combinations of precipitation and ion exchange 
methods. 


(1948) T. Seaborg and I. Perlman, Revs. Mod. Phys. 20, 585 
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Preparation and Bombardment of Targets 


The curium targets were prepared for bombardment 
in the Crocker Laboratory 60-inch cyclotron by the 
evaporation of solutions containing microgram amounts 
of curium nitrate in small platinum dishes of about 
0.5 cm? area followed by ignition to form curium oxide. 
In some of the experiments Am! was present to facili- 
tate handling of the smaller amounts of curium and to 
produce Bk** for purposes of comparison. These targets 
were bombarded in the same target assembly and in 
the same manner as has been described previously in a 
paper on berkelium.’° The energies of the helium ions 
used in the bombardments were about 35 Mev (actually 
more nearly 33 Mev). The intensity of the bombard- 
ments averaged about 3 wa/cm? of target area and the 
time of bombardment was usually 2 to 3 hr. The helium 
ion beam also contained some deuterons of energies 
approximately one-half the energy. of the helium ions. 
[The presence of the isotope Bk™* observed in the 
experiments where Am*™! was absent was due to the 
reaction Cm™?(d,n) Bk™. | 


Chemical Procedure 


Following the bombardment, the platinum dish con- 
taining the sample was removed to a gloved box and 
the curium oxide dissolved in 6M HNO; with heating 
(about 75°C). Curium hydroxide was precipitated with 
added lanthanum carrier by the addition of excess 
ammonium hydroxide and was separated by centrifu- 
gation. The hydroxide precipitate was dissolved in dilute 
perchloric acid (0.5M@) and the mixture of radio- 
activities was adsorbed on a small amount of ammonium 
form Dowex-50 resin (spherical fines) which was then 
transferred to an approximately 17-cm length, 2-mm 
diameter column packed with the same resin. The 
column was surrounded by a vapor jacket through 
which passed trichloroethylene vapor to maintain the 
temperature at about 87°C. The elution was performed 
by passing ammonium citrate (buffered with citric acid 
to pH 3.5—total citrate concentration 0.25M) through 
the column at a rate of one drop (about 0.030 cm) 
about every two minutes and the drops were collected 
separately or in groups of two in the region where the 
actinide ‘elements were expected. Element 98 was 
collected in drops of elutriant from the columns just 
preceding those containing berkelium. 

Each drop or a suitable fraction of each drop collected 
from the column was evaporated on a platinum plate 
using a heat lamp. Ignition of the plates to red heat 
removed the citric acid. Each of these samples which 
preceded the curium peak was examined for high energy 
alpha-radioactivity using the differential alpha-energy 
pulse analyzer. 

The fractions which should contain elements 97 and 
98 were submitted in some experiments to further 
separation from remaining radioactive contaminants 
(mainly approximately 10‘ alpha-disintegrations per 
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minute of Cm*”) by means of a second Dowex-50 resin 
column operated in a manner similar to the first column 
run. In this case, the appropriate elutriant fractions 
from the first column containing the ammonium citrate 
were acidified with hydrochloric acid to make the 
hydrogen ion concentration about 0.1M. Then the 
mixture of radioactivities was adsorbed on Dowex-50 
resin and the column separation made as described 
previously. (The separation of curium from element 97 
and element 98 in one column run as described above 
is limited to a factor of approximately 10° to 10’. After 
the second column run the curium present in element 
98 fractions is reduced to a few alpha-disintegrations 
per minute.) In some of the experiments the lengths of 
the resin columns were shortened to about 15-cm length 
in order to increase the speed of separation. Each drop 
of elutriant preceding the curium peak was again 
examined for high energy alpha-particles in the same 
manner as described above in connection with the first 
column separation. In addition to differential alpha- 
energy pulse analysis, certain fractions obtained in some 
of the experiments were also counted in a windowless 
proportional counter in order to look for soft electrons 
with high efficiency. In this case it was possible to 
observe the electrons emitted by some of the radioactive 
fission products such as yttrium, which were produced 
in the bombardments. 

Some of the fractions containing element 98 were 
used for independent investigation of the chemical 
properties of the new element. These investigations 
included separations in a Dowex-50 resin column with 
concentrated (13M) HCl for elution and experiments 
employing powerful oxidizing agents with carriers such 
as zirconium phosphate and lanthanum fluoride. 


Experimental Methods Used in Radioactivity 
Measurements 


The thin deposits on platinum of the fractions ex- - 


pected to contain element 98 were examined in the 
differential alpha-particle pulse analyzer. In this instru- 
ment individual pulses from an ionization chamber are 
sorted electronically and recorded on 48 fast mechanical 
registers in such a way as to separate the individual 
alpha-particle energies from a mixture of alpha-emitters. 
In establishing a value for the alpha-particle energy of 
the new isotope, direct comparison was made with pulse 
analyses of thin samples of nuclides whose alpha- 
energies are well known, using the same instrumental 
conditions. 

No attempt was made to observe electrons and 
electromagnetic radiations in the element 98 fractions 
because of the possible presence of unseparated fission 
product isotopes in larger abundances which emit 
similar radiations. 


Results of Radioactivity Measurements 


The application of the procedures described above to 
helium ion bombarded targets of Cm” and the exami- 
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nation in the pulse analyzer of the separated fractions 
expected to contain element 98 revealed a small amount 
of 7.1+0.1-Mev alpha-particle radioactivity together 
with the expected amount of residual 6.08-Mev Cm 
alpha-particle activity. 

The results of a typical experiment in which the 
alpha-particle energies and rate of decay were measured 
by differential pulse analysis are shown in Fig. 1. The 
rate of decay was measured by plotting the area under 
the 7.1-Mev energy peak versus the time of decay of 
the radioactivity. This peak was observed to. decay 
with a half-life of approximately 45 min. through a 
decay factor of more than 10, as shown in Fig. 2. The 
tailing out of this curve is caused by a relatively high 
“electronic” background from the “piling up” effects 
in the amplifier of the intense Cm™ activity. 

The presence of the 45-min. radioactivity was ob- 
served in four separate experiments. It was observed 
in the presence of a relatively large amount of unsepa- 
rated Cm™“ (approximately 10‘ alpha-disintegrations 
per minute), upon completion of the operation of the 
first resin column as shown in Fig. 1. The presence of 
the isotope Bk™* produced either by (d,m) or (a,2m) 
reactions in the separate bombardments was not ob- 
served after only one column separation because of the 
closer proximity of the berkelium elution peak to that 
of curitm and the consequent larger amount of curium 
activity in the berkelium samples. However, after the 
second column run in which the residual Cm™ radio- 
activity was separated; it was possible to observe the 
presence of the separate elution peaks due to the 45-min. 
activity, Bk and Cm with the help of the alpha- 
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Fic. 2. Decay curve obtained by plotting area under 7.1-Mev 
peak from pulse analyzer data versus time. 
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Fic. 3. Results of separation in first Dowex-50 resin column 
showing small amount of new 7.1-Mev alpha-radioactivity 
separated ahead of large amount of Cm alpha-radioactivity. 


particle pulse analyzer. The electron and electro- 
magnetic radiations of the 4.6-hr. Bk™* were also ob- 
served by the methods described in reference 10. The 
best values for the alpha-particle energies and half-life 
of the 45-min. activity were obtained on the larger 
samples resulting from the operation of the first resin 
column. Although samples from the second column run 
were essentially free of Cm™* contamination, the 45- 
min. radioactivity had decayed during this additional 
time interval by a factor of approximately six so that 
no advantage was gained by the second separation 
insofar as the radioactivity measurements were con- 
cerned. However, important information was obtained 
concerning the chemical identity, since the isotope Bk™* 
was observed to separate from the 45-min. radioactivity. 


The Search for Daughters of the 
Alpha-Particle Decay 


The fractions containing the 45-min. activity result- 
ing from separations on the second resin column were 
examined for possible daughter radioactivities. In these 
fractions alpha-radioactivity from Cm? had been 
reduced to approximately one disintegration per minute. 
Careful examination of these fractions using the alpha- 
particle pulse analyzer failed to show any alpha-particle 
peak other than that of the residual unseparated Cm” 
after the 45-min. activity had decayed completely. On 
the assumption that the 45-min. activity is 98, the 
amount of its alpha-radioactivity present in the initial 
fractions should have produced approximately 0.1 
disintegration per minute of alpha-radioactivity due to 
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the alpha-decay daughter Cm™®., The level of the back- 
ground radioactivity in the pulse analyzer chamber was 
too high to show a definite identification of this amount 
of daughter isotope. 


Cross Section for Formation of Element 98 Isotope 


The cross section for the production of the 45-min. 
activity in the bombardment of Cm* with approxi- 
mately 33-Mev helium ions was calculated as roughly 
3X10-*" cm?. In this calculation, decay is assumed to 
be entirely by the emission of the alpha-particles which 
were observed. A comparable rate of decay by electron 
capture is entirely possible and this would of course 
lead to a proportionately higher cross section. The 
chemical yield of the 45-min. radioactivity was esti- 
mated as approximately 90 percent, based on measured 
values for separations of the same type. Measured 
values of the effective weight of target material, the 
cyclotron beam and time intervals were used in the 
calculations. 


Results of the Chemical Separations 


The behavior of the new 45-min. activity in the ion 
exchange procedures used in its separation are highly 
significant for the assignment of the atomic number 98. 
Figure 3 shows the results of one of the separations in 
the first resin column after which the Cm present in 
the element-98-containing fractions was reduced to 
approximately 10° alpha-disintegrations per minute. 
The results of one of the separations in the second resin 
column are shown in Fig. 4. In this case the position 
of the 45-min. radioactivity is shown relative to berke- 
lium, curium, and yttrium. The alpha-radioactivity 
was measured for curium and element 98 and the 
windowless proportional counter was used for the 
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Fic. 4. Results of separation in second Dowex-50 resin column 
showing 7.1-Mev, 45-min. radioactivity in eka-dysprosium posi- 
tion as compared with isotopes Bk** and Cm*®*, Solid curve 
indicates alpha-particle counts/min.; dashed curve, Auger and 
conversion electrons and beta-particles (and alpha-particles). 
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radiations from 4.6-hr. Bk™* and the fission product 
yttrium. These results might be summarized in the 
statement that element 98 is eluted in the expected 
eka-dysprosium position preceding berkelium from the 
resin column. 

A region of particular importance is illustrated in 
Fig. 5, which compares the elution positions of the 
actinide group element 98-berkelium-curium-americium 
with the homologous lanthanide group dysprosium- 
terbium-gadolinium-europium. The comparison is based 
in part on a number of separate experiments performed 
under as nearly identical conditions as possible. The 
ordinates are normalized to show equal amounts. These 
particular results might be summarized as follows: the 
difference in rates of elution between element 98 and 
berkelium as compared with the difference between 
berkelium and curium is remarkably similar to the 
spacing dysprosium-terbium and terbium-gadolinium. 
There is a remarkable similarity in the spacing of the 
four members of each group, with breaks at the points 
of half-filling of the f electron shells, gadolinium and 
curium ; the spacings here reflect the relative changes in 
ionic radii which determine the relative separations in 
the ion exchange adsorption method. 

With regard to the group separation of actinides from 
rare earths using the Dowex-50 resin column with 13M 
hydrochloric acid,’ the new 45-min. activity was 
separated in the fractions containing curium and 
americium. These fractions were free of rare earth 
fission products, which were removed from the column 
much more slowly because of the lesser degree of rare 
earth complexing with hydrochloric acid. 


Additional Chemical Experiments 


In some of the later experiments small amounts 
(approximately 50 counts/min.) of the new alpha- 
emitter were isolated and further chemical experiments 
performed in order to characterize somewhat more 
closely its chemical properties. In these experiments 
the activity was first separated by carrying on LaF; 
and La(OH); and by the use of ion exchange columns as 
described above. Because of the small amount of 
activity produced and the short half-life only a few 
chemical experiments could be done after each bom- 
bardment. The results of these tracer experiments are 
given below. In all cases the distribution of the 45-min. 
activity into the various fractions was followed by 
pulse analysis of the 7.1-Mev alpha-particles. 

Several attempts were made to oxidize the 45-min. 
activity to a higher oxidation state. Carrying with 
zirconium phosphate was used as a test for oxidation to 
the (IV) state and lack of carrying on LaF; as a test 
for the (VI) state on the basis of analogy with the 
behavior of other actinide elements in tracer experi- 
ments. 

Experiments following oxidation with 0.2M am- 
monium persulfate for 10 min. at 70°C in a solution 1M 
in HNO; and 0.2M in sulfate showed less than 10 
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Fic. 5. Summary of relative spacings between actinides and 
homologous rare earth elements in elution from high temperature 
Dowex-50 resin columns. The remarkable similarity between 
homologous actinides and rare earths may be seen. 


percent carrying with zirconium phosphate and greater 
than 80 percent carrying with LaF; precipitated by 
adding Lat++* and making the supernatant 1M in HF, 
Experiments following oxidation with sodium bis- 
muthate for 5 min. at 60°C in 5M HNO; also showed 
less than 10 percent carrying with zirconium phosphate 
and greater than 80 percent carrying with LaF; from 
the supernatant made 3M in HCl and 1M in HF. 
Although there are uncertainties in the tracer experi- 
ments, due largely to the small amount of element 98 
available, it can be concluded that the oxidation of the 
45-min. isotope to the (IV) or (VI) states in aqueous 
solution even with these strong oxidizing agents is not 
possible or that the oxidation is slow. In connection 
with the rapid chemical separations used in this type of 
work, it is indicated that the introduction of steps to 
prevent oxidation during the separations are unneces- 
sary. 
The chemical properties of element 98 are discussed 
in somewhat greater detail in another publication.” 


Ill. DISCUSSION OF RESULTS 


The experiments and results which have been pre- 
sented provide the evidence for the discovery of an 
isotope of element 98. That the 45-min. activity 
observed in the experiments is, beyond reasonable 
doubt, an isotope of element 98 has been proved by the 
following essentially independent means: 


as Thompson, and Seaborg, J. Am. Chem. Soc. 72, 4832 
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(1) It separated in the eka-dysprosium position ex- 
pected for element 98 in elutriant fractions from the 
Dowex-50 resin columns in which ammonium citrate 
was used as the eluting agent. The relative spacing 
between the new activity and its actinide neighbors is 
remarkably similar to the relative spacings between the 
homologous rare earth elements. 

(2) Its distinctive high alpha-particle energy proves 
that it must be an isotope of an element above lead in 
the periodic table. The chemical experiments done on 
the new isotope distinguish it from all such previously 
known elements of atomic number 82 to 97 inclusive. 
Therefore, in view of the method of preparation, the 
new activity must be an isotope of element 98. 

The mass assignment of the 45-min. isotope of ele- 
ment 98 must remain tentative for the present, pending 
experimental proof. Its assignment as 98“ is suggested 
as being most likely on the basis of estimates using the 
systematics of alpha-radioactivity as described in the 
introduction to this paper. The bombardment of Cm** 
with 33-Mev helium ions is considered to produce 
directly only the following possible isotopes of element 
98 in significant yield—namely, 98°, 984, and 98745, 
Of these, only 98“ is expected to have a half-life longer 
than one-half hour unless the electron-capture decay is 
unusually highly forbidden. The observed alpha-particle 
energy and half-life fit the alpha decay systematics* 
very well for an even-even type nucleus (unforbidden 
decay) of the element with atomic number 98. 

The cross section for the production of the new 
isotope is about 3X 10-*’ cm*, based on the observation 
of the alpha particles alone. This value is typical of 
those obtained in the production of other transuranium 
elements by bombardment with helium ions of energy 
30 to 40 Mev. This cross section is sufficiently large to 
indicate in itself that alpha-particle emission is the 
principal mode of decay. For example, an electron- 
capture-to-alpha-decay branching ratio of 10 would 
require a cross section higher by a factor of 10 than the 
above and thus a much higher reaction cross section for 
the (a,x) reactions than has been observed previously 
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for the production of transplutonium isotopes. It is 
believed, however, based on estimates using the sys- 
tematics of radioactivity, that the isotope 98” is 
unstable toward electron-capture decay. Estimates 
based on the electron capture disintegration energy as 
determined from closed decay cycles involving esti- 
mated energies and on the very rough empirical rela- 
tionship between half-life and disintegration energy” 
indicate that the half-life of 98°“ for decay by electron 
capture should be somewhat longer than that for decay 
by alpha-emission and hence that the branching ratio 
toward electron-capture decay is less than unity. 

It is interesting to note that the amount of element 
98 which has been isolated has never exceeded a few 
thousand atoms in any of the bombardments to date. 


IV. NAME 


It is suggested that element 98 be given the name 
californium (symbol Cf) after the university and state 
where the work was done. This name, chosen for the 
reason given, does not reflect the observed chemical 
homology of element 98 to dysprosium (No. 66) as the 
names americium (No. 95), curium (No. 96), and 
berkelium (No. 97) signify that these elements are the 
chemical homologues of europium (No. 63), gadolinium 
(No. 64), and terbium (No. 65), respectively. 
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The difficulties arising in quantum mechanics when the potential is highly singular are considered. It is 


found that the Hamiltonian needs further specification in such cases. This may be done conveniently by 
requiring a fixed phase for the wave functions at the origin. A proof that all the well-known singular examples 
are amenable to this treatment is given. For illustration the spectra for spin zero and one-half particles in 
the fields of highly charged nuclei are found. It is also shown that a complete set of eigenfunctions for a vector 


particle in a Coulomb field can be found. 











I. INTRODUCTION 


INCE the advent of quantum mechanics, a number 
of problems have been found which seemingly do 
not fall into the formal structure of the Schrédinger 
equation and its conventional interpretation. Thus, 
with sufficiently singular potentials, the customary 
methods of finding energy eigenvalues and eigenfunc- 
tions fail. When these examples have been encountered 
in the literature, they have been rather summarily dis- 
missed. In this paper an attempt will be made to show 
how the exceptional cases may be dealt with and what 
physical interpretations are necessary. 

Historically, the first! place where these difficulties 
showed up was probably the strongly attractive 1/r’ 
potential. Other non-relativistic examples are potentials 
which behave as 1/r” near the origin with »>2 and the 
tensor force problem with a 1/r* singularity. With rela- 
tivistic wave equations, even a Coulomb potential is 
highly singular. Thus, for spin 0 or 3 particles, “singu- 
lar” cases arise if the nucleus is sufficiently highly 
charged. For spin 1, difficulties arise in any Coulomb 
field.? It will be shown that the difficulties in these 
diverse problems can all be resolved by the same 
technique. 


II. THE 1/r? POTENTIAL 


Consider the non-relativistic Schrédinger equation 
with a potential 


V(r) =L—Vof(r/r0)/(r/r0)"]. (1) 


On separation of the angular dependence, the radial 
wave equation is: 


Cu Af(x) +1) 
— =* x 
where 

x=r/r9; X= MVore/h?; n=170(—ME/h)', p=u/r. (3) 


Hence, A>0 implies an attractive potential. It is 





r}e=o, O<x<o, (2) 


* This work was supported by a grant-in-aid from the Institute 
for Advanced Study, supported by the AEC. 

1Mott and Massey, of Atomic Collisions (Clarendon 
7 on 1949), 


C. Corben aids Schwinger, Phys. Rev. 58, 953 (1940); 
I, bg Phys. Rev. : 


952 (1940). 
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assumed that 


f(0)=1. (4) 


Since for the general arguments that follow, the exact 
functional form of f(x) and the value of / are unimpor- 
tant, we shall consider the case f(x)=1 and S states 
only. Then for the 1/r? potential the radial Schrédinger 
equation is: 


pass <—#}u0 (5) 


Assuming « to be expressible as a power series in the 
neighborhood of the origin beginning with x°, the in- 
dicial equation for (5) is: 


p(p—1)+A=0, (6) 


p=3+(t—A)}. (7) 


For \<} the treatment is conventional and can be found 
in reference 1. For \>4, that is if the potential is suffi- 
ciently attractive, (7) shows that both solutions of (5) 
behave in essentially the same way. An elegant means 
of deciding between the solutions of (5) has been given 
by Von Neumann’ using the general principles of quan- 
tum mechanics. These tell us that a complete, quadrati- 
cally integrable, orthonormal set of solutions of (5) is 
needed. Since 


or 


f Y*ydr~ J , u?(x)dx, (8) 


Eq. (7) shows that all solutions are quadratically inte- 
grable in the neighborhood of the origin. Usually this 
integrability condition suffices to distinguish between 
the two independent solutions (7). Here the orthogonal- 
ity condition must be used. Take the general solution 
of (5) to be real. Then for small x 


u~Ax' cos(n’ Inx+B), (9) 
where 
N=(A—4)4. 


Suppose further that the solutions are chosen so as 
to fall off exponentially with large x. Then for small x 


3 Private communication from W. Pauli. 
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the corresponding solutions will [from Eq. (9)] be- 
have as: 
uy~Ax* cos(X’ Inx+B,), 
uyx~Ax* cos(W’ Inx+ Be), 


and A and B are arbitrary constants. 
Consider solutions of (5), #; and #2, corresponding to 
two different 4; and m2. These satisfy 


Pu;/ dx?+ LA/ a) — ny? m= 0, (10a) 
Puz/dx?+[(d/x*) — 2? Jus=0. (10b) 


Multiplying (10a) by #1, (10b) by m2, subtracting, and 
integrating yields: 


(9a) 


du, dus 


(nt—ne) [ taade=| we — us| . (ita) 
0 0 


dx dx 


Usually the orthogonality relations are deduced from 
the vanishing of the right-hand side of (11a). However, 
here one obtains on inserting (9a) and remembering 
that ~ and 2 vanish at infinity: 


(n?— nf UQu,dx= A 1A on’ sin(B,—B;). (1 1b) 
0 


Hence, in general, solutions corresponding to two differ- 
ent energies are not orthogonal. However, if it is re- 
quired of the solutions that 


B,=B.=B, (12) 


then orthogonality is achieved. (It is to be noted that 
choosing 


B,=B+nz, (13) 


where 1 is a positive or negative integer will also insure 
orthogonality. It is shown below that no greater gener- 
ality is so obtained.) The significance of B will be 
discussed later. 

The eigenvalue problem for (5) can now be stated. 
We require those values of » for which ~ vanishes ex- 
ponentially for large x and behaves as 


u~x' cos(X’ Inx+B), (9b) 
for x small. 
The eigenvalues and eigenfunctions can now be com- 


puted. Two linearly independent solutions of (5) are: 


u=2xTsa(nx), (14) 


where J is the Bessel function defined by Watson.‘ 
Taking as solution the linear combination 
u=x'Le'*] y-(qx)+e-I_-(nx) J, (15) 
one finds for small x that 
u=2x* cos(N’ Innx+a). (16) 
Hence, if 
a=B—) Inn, (17) 


4G. N. Watson, Theory of Bessel Functions (The Macmillan 
Company, New York, 1944), p. 77. 


CASE 


then wis of the requisite form (9b). Using the asymptotic 
forms of the Bessel functions, one finds for large x 





Ut {[e‘*-++-e-*« ]e*-+- (constant)e-"*}. (18) 
(2am)! 
Hence, if 
cosa=0, (19) 
or 
a=(n+}3)n, (20) 
where n is any positive or negative integer, « decays 
exponentially. 


Inserting (17) into (20) and solving for 7 gives the 
eigenvalues: 


nn=exp[ (B—(n-+3)m)/X’]. (21) 


From (3) it can be seen that the bound states then 
form a point spectrum extending from minus infinity to 
zero. At zero there is a point of accumulation. From (21) 
it is seen that a displacement of B by a multiple of 
has no effect on the spectrum. 


Ill. THE 1/r* POTENTIAL: n>2 
The Schrédinger equation is: 
@u/dx?+[(A/x") — 7? Ju=0. 


Since the singular behavior is different for each m in 
this form, it is convenient to introduce the new variable 


(22) 





yaa, (23) 
in terms of which (22) becomes: 
du on idu 4 
seme eeetecen mes weil | a- Jno (24) 
dy n—2ydy (nm )% sain? 


Here we are interested in the behavior of the solution 
for large y. It is obvious that a series of descending 
powers of y will not satisfy (24) since the occurrence of 
the A term will always require the vanishing of the 
highest power in the series, and hence of the entire 
series. The correct treatment at such essential singu- 
larities is well known.5 Let 











u= e%y, (25) 
Then: 
r n 
v’ +} 2a+ \f 
L n—2y 
r 64 an 4n? n—2 
+ —-+ 07+ . f- 0. (26) 
L (n—2)? (n—2)y (n—2)? 2ny 
If we choose 
= —4)/(n—2)?, (27) 


5 See E. L. Ince, Ordinary Differential Equations (Dover Publica- 
tions, New York, 1944), p. 425. 
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SINGULAR POTENTIALS 


it is possible to obtain a descending power series for ». 
The highest power is y? where 


=—n/2(n—2). (28) 


Restricting ourselves to real solutions the behavior of 
the general solution of (22) for small x is: 


2 A \3 
u~ Axn4 coo] —— ) +5] 
n—2\x"? 





(29) 


As in Section II, consider the solutions “; and u:2 of 
Pu;/dx?+[(d/x")— 01° ju =0, (30a) 
Pu2/dx?+ [(A/x") es no ue =0, (30b) 


where 7; and m2 are two different values. In particular 
it is required that ~ and wu vanish at infinity. Then for 
small x 





~~ 


2/A\3 7 
Uuy~A wrt cos] —( ) +B, 
gt ’ 


n—2 








(31) 
2 \3 7 
Ug~ Aoxnl4 cas] —( ) +Bz |. 
n—2\ x7? 1 
As usual one finds: 
‘od du, dus - 
(n?— 2”) f wande=| we — | . (82) 
0 dx dx 0 


Insertion of the asymptotic forms for small and large x 
gives: 


(nt—ne) [ uguydx= AA 2h} sin(B,— By). (33) 
0 


Hence, if all eigenfunctions are required to behave as 


2 r \3 
u~yrl4 cos| —( ) +8] 
n—2\x" 


where now B is a fixed phase factor common to all 
eigenfunctions, we will have orthogonality. Conversely, 
it can be said that the requirement of vanishing at 
infinity and having the designated behavior for small x 
makes the eigenvalue problem uniquely soluble. 


(34) 





IV. DISCUSSION OF THE NON-RELATIVISTIC CASE 


The principal difference between “singular” and 
“non-singular” potentials is seen to be that in the latter 
case the solutions of the Schrédinger equation subject 
to the condition of quadratic integrability form a com- 
plete orthonormal set. In the singular case the solutions 
are too numerous and hence, over complete. Some other 
parameter in addition to the functional form of the 
potential is needed to specify completely the potential. 
This is conveniently taken as the phase, B. 

This distinction may be expressed in physical terms 
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somewhat differently. In any physical problem in which 
we express the interaction between two systems by 
means of a potential which becomes infinite when the 
distance between them becomes zero, we are dealing 
with an idealization. Thus, the Coulomb interaction 
between an electron and a nucleus is not strictly propor- 
tional to 1/r down to r=0. The finite size of the nucleus 
sets one limit. Even for a single proton there is the 
probable finite radius of the proton. The important 
point is, however, that if the 1/r law holds down to 
sufficiently small distances the eigenvalues and eigen- 
functions are essentially independent of exactly when or 
how the power law breaks down. For potentials as 
singular as 1/r? or greater, this is no longer true. The 
eigenvalues and eigenfunctions do depend on the nature 
of the cut-off. The main conclusion from the above work 
is, though, that only a single parameter is needed to 
describe the situation for small distances. Thus it is not 
necessary to know exactly at what distance the power 
law breaks down and what functional form replaces it. 
All one would need to know from experiment is the 
value of B for the given system. 

From this it is seen that B describes the breakdown 
of the power law at small r. For a simple model one 
might consider the true potential to be 1/r” down to 
r=e and then to be an infinitely high repulsive square 
well. Then B is directly related to the “cut-off radius,” e. 

For the non-relativistic cases, this discussion is rather 
academic, since the spectrum of energy values is a point 
spectrum extending from minus infinity to zero, plus 
the usual positive energy continuum. That the negative 
energies are discrete follows from the quadratic integra- 
bility of the wave functions. That the spectrum extends 
to minus infinity is obvious, since the Hamiltonian 
operator is not bounded below. Now no physical system 
has an infinite binding energy. Therefore such singular 
potentials have no application as an approximation in 
the calculation of term values of real systems. One 
possible remaining application is to describe some 
scattering processes. Resonance, for example, is well 
exemplified by scattering by such potentials. 

If only the non-relativistic Schrédinger equation were 
to be considered, these highly singular potentials might 
well be forgotten. 


V. RELATIVISTIC WAVE EQUATIONS WITH SINGULAR 
POTENTIALS—SPIN 1/2 


Here the situation is altered considerably. Firstly, 
much weaker infinities in the potential are “highly 
singular.” Even the Coulomb field gives rise to diffi- 
culties of the form considered above. Secondly, the dis- 
crete energy levels of a relativistic system are restricted 
to the region between +c’. Thus, it certainly will not 
be possible to ignore singular potentials because they 
lead to infinite binding energies. 

The most famous singular example is that of the 
Dirac equation for an electron in the Coulomb field of 
a fictitious nucleus of charge such that aZ>137. Sepa- 
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rating out the angular dependence the equations for the 
radial wave functions may be written in the form given 


by Bethe.® 
du 
ifsc 
dr fr 


(35) 


dw w aZ 
ir ee (424— u 
dr r r 


(Here Bethe’s notation has been altered slightly and 
units such that h=>c=m=1 have been chosen.) x is the 
angular momentum quantum number of Dirac such that 


x=—(j+3) for j=l+3, 
x=+(+2) for j=l—3. (36) 


The normalization is such that the scalar product of 
two different eigenfunctions 


i) 


rf (442-+-wywe)dr. 
0 


is defined by 


(37) 


Consider solutions of (35), in the neighborhood of the 
origin, of the form: 


u=r°[dotart+---], 

w=r[ botbiyrt+::- |. (38) 
Inserting into (35) and equating to zero the coefficient 
of the lowest power of r(r*') gives as the indicial 
equations: 


Ap— xXao= —aZbo, 
bop— xbo= aZao, 


or solving for bo/a and p: 
p= + [xt (aZ)? }}, 
bo/ao= aZ/(p+x). 


Since the smallest possible value of 7 is } 
from (36) that 


(39) 


(40) 
(41) 


one sees 


(42) 


Hence, if aZ>1, at least for 7=} the two possible solu- 
tions (40) are equally good. In fact, from (37) one sees 
that both solutions of (35) are quadratically integrable 
in this case. 

For convenience, limiting ourselves to real solutions 
when (aZ)?>? one sees that the general solution of 
(35) can be written as: 


( ) ( cos(A Inr-+B) 
w a4 a cos(A Inr+B+y) 
*H. A. Bethe, Handbuch der Physik XXIV, 1, p. 313 (1933). 


21. 


) for r small (43) 


=. mM. 


A=+ [a?Z?— x? }}, 
(x—1A)/aZ= ae*7, 
and C and B are two unknown constants. 


Consider Eqs. (35) corresponding to two different 
energies E; and E>». These are: 


(44) 


(45a) 
(45b) 


dug U2 
oe -( 1 (46a) 


aZ 
- E,—- “2, 
dr r 


r 


dw, We aZ 
—+ x—= (+24) 
r 


dr r 


(46b) 


Multiplying (45a) by we, (46a) by wi, (45b) by (— 2), 
(46b) by (—1), adding and integrating yields: 


— Ez) f (u2¥y+ Wew;)dr = [u2wy— UyWe |o”. (47) 
0 ° 


Suppose the solutions 1 and 2 are adjusted to vanish 
exponentially at infinity. Inserting the asymptotic be- 
havior (43) into (47) yields: 


-E) f (uoty+ WeW;)dr 
0 


=aC,C; sin(B;— Bz) siny, (48) 


where the B;, C; are the constants describing the respec- 
tive solutions. From (48) one sees that if all 


B;=B, (49) 


where B is a fixed constant all eigensolutions will be 
orthogonal. It is also possible to prove completeness in 
this case. 

To solve this eiguevaine problem we make the substi- 
tution given by Bethe:® 


u=(1—E)te-#?(p—y), 


w= (1+E)e-™(e+y), 
p=2(1—E’)', 


(50) 


one finds: 


dy/dp=(1—(E6/p) le—(x+4)¥/p, 
dy/dp=(Es/p)¥—(x—5)¢/p, 


§=aZ/(1—E*)}. 


Elimination of g from (51) gives: 


Fa bape Pa eg 


(51) 


where 
(52) 


(53) 








44) 






ent 






5a) 







sb) 



































¥=[e"?pt Iw. (54) 
Then: 
dw 1 k +—m? 
—+(-++-—)e-0, 655) 
dp? 4p fp 
where ; 
k=E5+}; m=+in. (56) 


(55) is just the canonical form of the confluent hyper- 
geometric equation.’ Two linearly independent solu- 
tions are: M;,+m(p). For small r the corresponding ¢ 
and w are: 








~p*™ (57) 
g~+[(m—E8)/(5—x) ]p*", 
which gives 
m— E6 
“u~ (constant) + - 1 fo (58) 
—xX 
Let 
=¢'*M y, +m(p)+e**M x, -m(p). (59) 
Then if 
trh— Eb 
Tle#= I, (60) 
5—x 
one finds for small r: 
u~2 cos[X Inr+ta+6+AIn2(1—E)*]. (61) 
Comparing with (43) we see: 
a= B—¢@—) In2(1—-F*)}. (62) 
With this solution: 
v= p-ter[e'*@My, m(p)+e-**M,-m() ]. (63) 


The condition of exponential decrease at infinity yields: 





T'(2m+1) T'(—2m-+1) 
ef +e-ia ~ (64) 
T'(3-+m—k) T'(g—m-—k) 
Let P(2m-+1) 
ee be*’. (65) 
T'(g+m—k) 
Then condition (64) is: 
b cos(a-+o)=0, (66) 
or 
a+o=(n+3)n, (67) 


where 1 is a positive or negative integer. Using (62) and 
(60) one has with 


B’ = B— |n2—arglT(2iA+1) ]—2/2, 
B’—nx 1 ny 


x— 6(1+ E) 


ir “arg ( ait) J+. (69) 


TE. T. Whittaker and G. N. Watson, Modern Analysis (Mac- 
Millan Company, 1943), American Edition, p. 337. 


(68) 


r d 
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Let us consider this equation for small \. The right-hand 
side as a function of E goes from —~ at E=—1 to 0 


at E=0 to —o at E=+1. 
—EaZ 
+i) 
(1) 


B’—nr 1 
is constant. “arg 

suffers jumps of —7/d at the poles of the I function; 

i.e., at 








—EaZ/(i-E)t=n', (70) 


where n’ = Oora positive integer. tan—[A/(x—6(1+£)) ] 
is approximately constant if x= — |x|. Ifx=+|x| this 
quantity suffers a jump of +7 if E passes from —0 to 
+0. Hence, if \ is small the discrete spectrum consists 
of levels near —EaZ/(1—E*)'=n’ where n’=1, 2, 3, «+ 
if x=+]|x| and n’=0, 1, 2, 3, --- if x= —| x|.Compari- 
son® with the conventional results for aZ<1 but aZ 
near 1 shows that the levels found for aZ<1 go over 
into ones close by. 

Of particular interest is the behavior of the lowest 
energy level. As aZ—1 from below the lowest Dirac 
level tends to E=0. What happens for aZ slightly 
larger? For the case J is small it is possible to solve (69) 
for the energy level near zero. One finds: 


Ey= d/tanB’. (71) 


Thus, if B’ is chosen between zero and 1/2 the energy 
level is positive, while it is negative if }4<B’<~m. The 
difficulties of interpretation would be so great if the 
lowest level passed from positive to negative values as 
aZ passes through 1 that one is inclined to require that 
B’ lie in the first-named range. Then we have the follow- 
ing picture of the behavior of the levels as Z increases. 
Approaching 137 all the ordinary levels go to well- 
defined limiting values, the lowest going to zero. In- 
creasing Z further, all except the lowest of these levels 
move to nearby positions. The lowest level starts up 
again from zero. One interesting point to be gleaned from 
(69) is that the famous degeneracy of the Dirac equa- 
tion is removed for Z>137. Here the energies of levels 
for x=|x| and x=—|x| are slightly different. 


VI. SPIN ZERO AND ONE 


For integral spin particles a certain amount of care 
must be used in formulating the problems. An appropri- 
ate “particle form” of the equations must be used. The 
following equations for integral spin particles given by 
several authors® are most convenient for our purposes 
(again units of h=c=m=1 are chosen): 


i(dy/dt)=Ky, (72a) 
H=eV+7,(1+3P?—3eS-H] 
—ir[4P?—(S-P)*—4eS-H]. (72b) 


8 Sakata and Taketani, Proc. Math. Phys. Soc. Japan 22, 757 
(1940); I. Tamm, ory Rendus U.S.S.R. 29, 551 (1940); W 
Heitler, Proc. Roy. Irish Academy 49, 1 (1943). 
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(72) is the “Schrédinger equation” for integral spin. 
Here V is the external electrostatic potential; H is any 
external magnetic field; 71, 72, 73 are three Pauli spin 
matrices; and S;, S2, S3 are the matrices describing the 
infinitesimal rotations in an irreducible representation 
of the rotation group. Thus, for spin zero the S; are zero 
and y has two components. For spin one the S; are 
3X3 matrices and w has six components. The energy of 
a state described by a given y is: 


W= f v*rsstydr, (73) 


and the charge is: 


Q=c f U*rapdr. (74) 


One notes that 3 is not hermitean and hence the 
eigenvalues of (73) are not necessarily real. Of course 
730¢ is hermitean, and so the energy is real. Mathe- 
matically speaking, the eigenvalue problem is defined 
by the non-hermitean operator 3C and an indefinite 
metric suggested by (74). This defines the scalar product 
between two states y, and y2 as: 


(v2, Yi) = f v2*ryidV. (75) 


Specializing to the Coulomb field of a nucleus of charge 
Z and no magnetic field gives for the “Hamiltonian” 
Se= —(aZ/r)+-ro(1+4P2) ind P—H(S-P)*]. (76) 
Consider the scalar theory. Let 


y= ( 4) e-iEt, 
V2 


Inserting into (72) gives: 
(E+ aZ/r)Yi=Yi—FAyrt FAys, 
(E+ aZ/r)p2= — Pot Zhye— Ay. 
er (i/v2) (vi-—y2). 


Ayg— ot (E+eaZ/r)*p=0. (80) 


This is just the Klein-Gordon equation, as was to be 
expected. 
Separating out the angular dependence and setting 


(81) 


(77) 


(78) 
Let 

(79) 
Then 


+ a u/ ’, 
gives the radial wave equation: 


Pu 2EaZ ofZ?—I(l+1) 
—+| -a-)+——+ 


r 





}- 0. (82) 


Before. solving (82) let us consider the behavior of u 
for small r and the orthogonality relations. Setting 


uxr1+ayr+ - -], (83) 


gives for the indicial equation of (82) - 
v(y—-1)+3—m’=0, 
y=am, 


m=((1+-$)?— a2}. (86) 


If a?Z?>(/+4)* both solutions of (85) have essentially 
the same behavior near the origin. In case aZ> 4 this 
certainly occurs at least for S states. Let us then assume 


(87) 
where ) is real. Then the most general u for small r is: 
u~Cr? cos(A Inr+B). (88) 


ni=v, rhe=w. (89) 


Consider (78) for two different energies E, and E2. The 
equations for v and w are: 


aZ i(1+-1) 
E\y= —-—1—- $0,"-+—_1 
r 2r? 


(84) 
or 

(85) 
where 


m=tX, 


Let 


K(l+-1) 


+214 30,"—-——-1, 
- 29 


aZ L(+ 1) 
E\yw,= ——w1+- fw" —-——1 
r 2r? 
l(i+-1) 


—wi—}301""+——,  (90b 
1 301 22 “1 ( ) 


aZ 1(1+-1) 
E2v2= ——?2— $02" Sr ee 
r 2r? 
I(1+-1) 


++ Zw.” =, (90c) 
2r? 


aZ 1(/+-1) 
Eyw2= ——Wo+ Zw2!’— See 
r 2r 
K(1+1) 


—w,—4o2" . (90d 
We— $02 oe ( ) 


Multiplying (90a) by v2, (90b) by we, (90c) by (—%), 
(90d) by (—w,), adding and integrating yields: 


(E,\— £2) f 2 (ve01— wWew,)dr 
e 


= $[(we’—02')(wy—01) — (We—02)(wi'—041') Jo”. (91) 


The integral on the left-hand side is just the scalar 
product (75) after integration over angular coordinates. 
Noting that 


(92) 


and requiring “, and “2 to vanish exponentially sim- 


w—v=V2iu, 








[= 








plifies (91) to: 


@.-E)f (ve01— Wow) dr= (we! u,— Uy'U2)o. (93) 


From (88) one sees that: 


uy~Cyrt cos(d Inr+ B,), 
ue~Cor' cos(A Inr+ Bz). (94) 


Inserting into (93): 
(,-E) f (vod) — WoW) dr= ACiC2 sin(B,— Bz). (95) 
0 


Hence, again we see that orthogonality is obtained if 
all eigenfunctions are required to be of the form (88) 
for small r. Now B is to be considered as a fixed con- 
stant, the same for all solutions, describing the Coulomb 





potential. 
With this condition (82) can be solved. Let 
p=2(1—E*). (96) 
Then: 
au 1 k 3—m? 
—+|-<+-+-— uno, (97) 
. dp* 4p 
where 
k= EoZ/(1—E*)}. (98) 


Two linearly independent solutions are again M;, +m(p). 
Let 
u=e'*M km(p)+e**M x, -m(p). (99) 


The condition for small r gives: 


a= B—d|n2(1—E’)!. (100) 


Let 
o=arg[ T'(2m+1)/T(3+m—k)]. (101) 


The condition of exponential decrease at infinity yields: 


cos(a+a)=0, (102a) 

or 
- a+o=(n+})r. (102b) 
B’=B—) |n2+arg[T(1+2iA)]—32, (103) 


the eigenvalues of the energy are given by the equation 
B'—nr 1 


1 &E 
—<ore 1(-— 
a, r 2 (i-F)! 


+i(o'2*—(44))!] =n (104) 








This is seen to be quite similar to Eq. (69) for the eigen- 
values of the Dirac equation. The same arguments 
apply. Hence, for small X (i.e., aZ2~/+}) the spectrum 
consists of a set which occurs approximately at the 
poles of the [-function. For aZ</+3 these poles are 
just the energy eigenvalues. Thus, considering S states 
only, as aZ passes through § the spectrum changes con- 
tinuously. The situation is slightly different from that 
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of the Dirac equation for low-lying states. The lowest 
Klein-Gordon level tends to mc*/v2 as aZ—} from be- 
low. Therefore, no such paradoxical result as having an 
energy level change sign can occur. 

These considerations are slightly less academic for 
spin zero than for spin 3, since nuclei with charge 
greater than 137/2 do exist. Moreover, spin zero par- 
ticles (w mesons?) may even be bound to such nuclei. 
However, since mesons are quite heavy the corre- 
sponding orbits will be within or very close to the 
nucleus. The approximation of regarding all protons as 
lumped at the origin is then so crude as to make the 
above considerations more than questionable. 

For a unit spin particle in a central Coulomb field we 
follow the treatment of Gunn’ in separating out the 
radial and angular portions of (72). For /=j7 and j=0, 
one obtains the radial Klein-Gordon equation apfro- 
priate to the given angular momentum. Here not} ing 
new arises and so we skip these cases. For /~70 the 
radial equations arising from (72) can be expressed in 
terms of four functions (Fi, F2, Gi, G2). Then with 


v= (E+ oZ/r)/(jG+1) }', (105) 


the radial wave equations given by Gunn’? are (with a 
few minor changes in notation and units): 








F, ipdG, F; 
vF\— -| +—| (106a) 
j(j+1) rldr fr 
@G, ifd 1 
vG,—G.= ———-—-- —-| 2) (106b) 
dr rldr r 
G; G, ifd 1 
iets -—+|—+-|P (106c) 
jG+1) rf rdr r 
# 2 1sd 2 
-hy=- (=> F.--(—--)6, (106d) 
dr r r\dr r 
Solving for F2 and G; one finds: 
F,= (r°0F |—1G2')/[L1+7/jG+1)], (107a) 
Gi=(r'0G2— (rFy'+F))/L1+7/jG+1)]. (107b) 
Let 
G=(G2tF;)/V2; F=(G2—F;)/V2. (108) 


Then the resulting equations for F and G can be 
written as: : 


@G 2 j(j+1) dG 


der j(j+1)+r dr 








+[iG+»(#-5)-1-— 

io a) 5jG+)+8 

JG4Mv — 2nj(j+1) ie 
+ §G4+i+e)  GG4D+e 


9 J. C. Gunn, Proc. Roy. Soc. 193, 559 (1946). 
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@F 2 j(j+1) dG 
det j(j-+1)+92 dr 





1 1 
spon pngis 
SO a) Ge 
(j+1)v’ 2v7(7+1 G 
_IGt ) - 4i(j+1) J+ <0. (110) 
r ° jG++eT * 5G+1)+0 

The forms (109) and (110) are particularly useful for 
examining the behavior near the origin, since there the 
two equations are effectively decoupled, the coupling 
term being regular. The behavior of the four linearly 
independent solutions of (109) and (110) can then be 
determined by first setting F=0 in (109) and finding . 
the two solutions of (110). Then treat (110) with G=0 
similarly. As noted by earlier authors, these equations 
have an essential singularity at the origin. This, of 
course, prohibits a power series development. However, 
it is possible, as in (25), to split off an exponential 
factor'® and then to find a power series development. 
Doing this the four linearly independent solutions are, 
in the vicinity of the origin: 


G=r* exp(+)/r); 
F=(const.)r—#73 exp(+)/r4), 


F=r7* exp(+1)/r}); 
G= (const.)r—¥7? exp(id/r}), 





(111a, b) 


(112a, b) 
where now 
A=2(aZ)'(jG+1) }t. (113) 


Of these solutions (111a) is obviously inacceptable, 
since it has a horrible infinity at the origin. (111b) 
vanishes very strongly, and so is completely satisfac- 
tory. For (112) further investigation is necessary. Again, 
taking real solutions the general linear combination of 
(112) may be written 


F~(const.)r~ cos(Ar?+B); G=0, 
and then: 
F,&—r?* cos(Ar-?+B); G2~1-' cos(Ar!+-B), 


(114) 


1 
Pwr | ——+ 


aZ 
———r] cos(Ar—?+- B) 
4 #§+1) J 


ny 
+ sin+-8)}, 
2rt 


3 aZ 
Gi= r| [+] cos(\r-#-+- B) 


4 (jG+1))! 
r 
+ sin.) (115) 


10 J. H. Bartlett, Phys. Rev. 72, 219 (1947). 


Now: 
f V* rapd V 


~~ f [F iF. ot F o*F 1+G,*G.+ G2*G, |dr. (1 16) 
0 


Inserting (115) into (116) one finds for the contribution 
near the origin: 


f Y*ryydV~ f r-* cos*(\7-#+- B)dr. — (117) 


This integral certainly exists and so the charge density 
is integrable for these solutions. Contrary to previous 
statements, this means that there are too many rather 
than too few solutions of (72) which are quadratically 
integrable near the origin. Instead of one, there are 
three physically acceptable solutions of (109) and (110). 
The resulting set of eigenfunctions is then over complete. 
The two solutions described by (114) are, of course, to 
be narrowed to one by requiring orthogonality. Con- 
sider equations (106) for two different energies E, and 
Ey. Muitiplying these equations by various functions, 
adding and integrating following the previous methods 
and using (106), one finds on integrating out angular 
coordinates: ; 


(E,— E>) f Va" rspodV 


ei {r(Fy°Gy?— F°G,")+-1(G2°F 2*— Go*F 2°) } 0”. (118) 


Requiring an exponential decrease at infinity and as- 
suming 
F*~r-* cos(\r?+ Ba), 
F’~r- cos(Ar-?+-B,), (119) 


gives: 
(E,— Es) f b*radl¥~~hsinhi-Bd. 020 


Once. again one sees that requiring all solutions to 
behave like (114) with a fixed B gives orthogonality. 
With this condition the eigenfunctions of the vector 
meson in a Coulomb field do form a complete set, in 
contradiction to previous communications on the sub- 
ject. Of course, the actual computation of these func- 
tions, except possibly by machine, gives rise, as pointed 
out by Bartlett,!° to great difficulties. 

There is, however, one possible experimental verifica- 
tion which would not rest on tedious calculations. The 
m@ meson may have unit spin. Then even for hydrogen 
the introduction of a phase constant would be necessary. 
It can be shown then that resonances should occur in 
scattering. Thus, if a beam of low energy mesons were 
incident on a hydrogen target one would expect maxima 
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and minima in the cross section as the energy of the 
beam varies. 

With the information now at hand, it is possible to 
say something concerning the common conjecture that 
as Z increases over 137 for the Dirac particles (or over 
137/2 for Klein-Gordon particles) pairs will be pro- 
duced. This is, properly speaking, a many-particle 
process and so certainly not to be encompassed by the 
present single particle theory results. However, since 
it is found that nothing spectacular happens to the 
energy levels at these transition points, it is difficult to 
see why pairs should suddenly occur. Consider a state 
with certain levels filled, others empty. As Z is adia- 
batically increased, one would expect the particles in a 
given state to continue in this state as the state is 
slowly altered. If this happens, one sees that nothing of 
importance occurs at the transition points. 


VII. MATHEMATICAL BASIS 


In the preceding work a number of examples of singu- 
lar potentials have been considered. The structures of 
the various problems have been rather different, and 
yet the same method has always worked. At each step 
the success seemed to be a minor miracle. Here the 
underlying reason that the method works and a general 
proof of its applicability will be given. 

Two characteristics have been true of all the above 
problems. (1) The linearly independent solutions of the 
differential equations are distinguishable by a phase 
constant B. (2) By requiring all eigenfunctions to ap- 
proach the origin with the same B, orthogonality is 
achieved. 

In words, the general proof runs as follows: Let the 
potential go to infinity sufficiently rapidly (defined more 
precisely below) so that V is uniformly large for small r. 
Then the behavior of the solutions of the differential 
equations near the origin are determined by the poten- 
tial alone; i.e., for r small all the equations approach 
some standard equation, say that corresponding to 
E=0. Under these conditions, Sturm’s oscillation 
theorem shows the behavior of solutions of the standard 
equation to be oscillatory and hence describable by a 
phase constant. Requiring all eigenfunctions to have 
this same phase constant means that these functions are 
ail to approach the same solution of the standard equa- 
tion. Two solutions of the standard equation have con- 
stant Wronskian. In particular, for linearly dependent 
solutions, this constant is zero. Since two different 
eigenfunctions approach the same solution, the Wron- 
skian of these eigenfunctions tends to zero for small r. 
This last is just the orthogonality condition. 

For purposes of simplicity we restrict ourselves to the 
non-relativistic case in carrying out the proof. The 
generalization will then be evident and so merely 
sketched. 

Consider the Schrédinger equation (2) in the slightly 
altered form: 

Pu/dx?+[f(x)— 1? Ju=0. (121) 
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Let f(x) go to+ uniformly for x sufficiently small. 
Then for x small (121) approaches the equation: 


Puo/da?+-[ f(x) Juo=0. (122) 


The asymptotic integration for x small is obtained by 
what is essentially the WKB method. 
Let 


Uy=e*S, (123) 


Then 
. (S’)? iS” = f(x). (124) 


|S" |<s?, (125) 


one has approximately: 


(S’)?= f(x), (126) 


Sed f ” (f(a))Mde, (127) 


where x is some constant. The condition of validity 
(125) gives: 


f@)>|5f7'|, (128) 


or since f’ is negative, f(x) positive, 
Se) >—f'/2f*. (129) 

On integration 
f(x)>1/2, x small. (130) 


Equation (130) is our definition of “sufficiently singu- 
lar.” As a second approximation under the conditions 
(130) one finds: 


S= +f (f(x))4dx+-33 In f(x). (131) 


Combining the two solutions for m into real solutions 
one finds: 


uo f(x)-* cs J 4 (e))ide+B | (132) 


where B is an arbitrary constant. Consider two solutions 
of (122), m* and m°, with constants B, and By. Then: 


W (tuo%, Uo”) = u9%to”” — up’ =sin(Bs—B,). (133) 
Let us integrate (121) by assuming: 
u= o(x)to, (134) 
where wo is a solution of (122). Then (121) becomes: 
 =3 (1 o— 9") uo/u’. (135) 
But 
| 40/0! | ~1/(f(x))*«K1 by (127). 


Hence, 
g’ =0. 























Improving the approximation by taking into account 
the first term on the right-hand side of (135) we find: 


n z Uo 
omesp| f <x} (137) 
0 : 


Uo’ 


Consider solutions of (121) corresponding to two differ- 
ent energies 7°, 7°. Then: 


Na? z Uo* 5 
w~[exn(~ f ix) U0", 
2 Jo UM” J 
: (~ . oat 7 " 
u’~| exp mf ae) 
2 0 Uy” J 


Familiar operations on the Eqs. (121) give: 





(138) 





C(n*)*— (n2)?] f ustigle=W(tta, 2) Jo. (139) 
0 
But from (138): 
Ww ’ =f ‘ a. “| 
Ua, Uy) ~ exp] — vb % 
‘ 2 Jy (wo*)’ 2 Jy (uo?! 


Up? Uo" 
Wut, wo) + autu'| ————]! 140) 


up” up” 











Xx 





—W (uo*, uo*)=sin(By—Bz). (141) 


Hence, if u and “» are required to approach the same 
solution of (122), orthogonality results. 

The generalization to the more complicated relativis- 
tic equations is evident. For small 7, solutions will tend 
to those of a standard equation whose behavior is com- 
pletely determined by the singularity. In all such equa- 
tions an identity exists between two solutions for differ- 
ent energies of the form: 


(E:—E2) (vi, ¥2)=dWealYr, Y2)/dr, (142) 
where (1, ¥2) is an appropriately defined scalar product 


806 K. M. 


CASE 


density, and Wg is a function generalizing the ordinary 
Wronskian which vanishes for ¥;=y¥2. Now E,=E£; 
for two solutions of the standard equation. Hence, 
W«=constant for this case. Integrating (142) shows the 
integrated scalar product is proportional to Wg]. Since 
We, for small r, tends to that for solutions of the stand- 
ard equation, it is constant sufficiently near the origin. 
In particular, if all eigenfunctions are required to tend 
to a unique solution of the standard equation, this con- 
stant is zero. Hence, the eigenfunctions will form an 
orthonormal set. 


VIII. CONCLUSIONS 


The above discussion gives a method for solving eigen- 
value problems with a potential which tends to infinity 
very strongly at one end of an interval. It can be shown 
that the method is applicable to the 1/r* tensor force 
problem, but with the attendant non-relativistic diff- 
culties. However, one can prove that the relativistic 
equation from which the 1/r* arises as an approximation 
gives no difficulties no matter how large the coupling 
constants are. 

On the mathematical side the following can be said. 
In quantum mechanics we are interested in operators 
having complete orthonormal sets of eigenfunctions. 
Usually this requirement is taken to be hermiticity. 
Von Neumann" has shown that the condition is really 
that it be possible to construct a unitary operator gener- 
ated by the hermitian operator. Here we have found 
that by formally supplementing the definition of an 
operator it is possible to obtain an hermitian operator 
with a complete set of eigenfunctions. It would be useful 
to have simple criteria for when this is necessary and 
when it is possible. 

In conclusion I should like to thank Professor W. 
Pauli for several very instructive discussions, Professor 
J. Von Neumann for permission to use his unpublished 
results, and Professor J. R. Oppenheimer for suggestions 
and the kind hospitality of the Institute. 


uW. Pauli, Handbuch der Physik XXIV, 1, p. 142 (1933). 
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Neutron Yields from Photo-Disintegration by Gamma-Rays from Lithium* 


B. D. McDanrEt, R. L. WALKER,{ AND M. B. STEARNS 
Cornell University, Ithaca, New York 
(Received July 31, 1950) 


The relative neutron yield of 33 elements has been studied using the gamma-ray spectrum which arises 
from proton bombardment of Li. The samples which were to be irradiated were placed in a block of paraffin. 
The neutrons were detected using four boron trifluoride proportional counters. Absolute gamma-ray and 
neutron intensity measurements yielded the value (0.055-+0.912) barn for the (,m) cross section of copper. 
Rough indications were also obtained concerning the relative neutron energy distribution from the samples. 





I. INTRODUCTION 


URING recent months a number of experiments'—5 
have been performed to obtain information con- 
cerning the (y,#) photo-disintegration processes. These 
experiments have been performed using either the radi- 
ation from a nuclear reaction process such as Li’(p,y)Be® 
or the bremsstrahlung spectrum from a betatron. 
Though activation methods have been used for the 
detection of the disintegration by both kinds of radia- 
tion, direct neutron detection seems to have been 
limited to the case of disintegrations produced by the 
betatron. 

The experiments to be described below apply the 
method of neutron detection to the disintegrations 
produced by the gamma-rays from the Li reaction. 
These experiments have been briefly described earlier.® 
The gamma-ray spectrum for the Li reaction has been 
examined in detail by Walker and McDaniel.’ In these 
experiments 750-kev protons were used to bombard a 
thick lithium target. Under these conditions the gamma- 
ray spectrum consists of two lines. One of these is 
located at 17.6 Mev and is presumably but a few kilo- 
volts wide. The second component is located at about 
14.8 Mev and is of the order of 2 Mev in width. The 
intensity of the 17.6-Mev line is about twice that of the 
low energy component. The measurements of neutron 
yield which were made in the present experiment con- 
stitute a weighted average of the cross section over this 
spectrum and over the isotopes present in the sample. 
The yields of 33 samples were measured relative to the 
yield of copper. For copper, a measurement of the 
absolute value of the cross section was made. 


II. MEASUREMENT OF THE RELATIVE YIELD 


The experimental arrangement which was vsed in the 
measurement of the relative neutron yield is shown in 


* This work was supported in part by a contract with the ONR. 
, t Now at California Institute of Technology, Pasadena, Cali- 
ornia. 

1H. Waffler and O. Hirzel, Helv. Phys. Acta 21, 200 (1948). 

2 J. McElhinney (unpublished). 

8 G. Friedlander and M. L. Perlman, Phys. Rev. 74, 442 (1948) ; 
75, 988 (1949). 

4G..A. Price and D. W. Kerst, Phys. Rev. 77, 806 (1950). 

5 L. Katz e al. (to be published). 

6 Walker, McDaniel, and Stearns, Phys. Rev. 79, 242 (1950). 

7R. L. Walker and B. D. McDaniel, Phys. Rev. 74, 315 (1948). 
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Fig. 1. A large rectangular block of paraffin was placed 
immediately in front of the cyclotron target. Four 
enriched BF; proportional counters, arranged in a 
square array, were embedded in a movable section of 
the paraffin. The neutron-producing sample was placed 
in a cavity in the paraffin located between the counters 
and the cyclotron target. A layer of 1 g/cm? of ByC was 
placed between the sample and the counters. This ab- 
sorber causes the counters to be insensitive to neutrons 
which are thermalized in the vicinity of the sample. 
Thus, variations in the slow neutron absorption cross 
section of the sample will not affect the slow neutron 
detection efficiency of the counters. 

The counters were connected in pairs, front and rear, 
to form two counting channels. The proportional counter 
pulses were amplified and passed into scaling and re- 
cording circuits in two similar channels. The principal 
reason for the use of two counting channels was to 
obtain some information concerning the neutron energy 
spectrum of the various samples examined. It was 
thought that if there were radical differences between 
neutron spectra, this would evidence itself by a variation 
of the ratio of neutron counting rates in the front and 
rear channels. 

Three lead-shielded Geiger counters were located 
above the cyclotron target and were used as monitors 
of the gamma-ray intensity. ‘ 

A set of measurements on a sample consisted of con- 
secutive observations of the counting rates in the two 
channels under three conditions: (a) background with 
no sample, (b) sample or “radiator” producing neutrons 
placed in the cavity, (c) standard copper radiator in 
cavity. All samples covered the same area, the different 
substances differing only in thickness. Powder samples 
were enclosed in thin-walled Al boxes. Their comparison 
measurements (a) and (c), respectively, were taken with 
an empty Al box, and with one containing the copper 
standard. In the case of heavy elements, a total of 
three sets of observations were taken while in the case 
of the light elements, five sets of observations were 
taken because of the lower neutron yield and consequent 
inaccuracy of the individual measurements. For the 
standard copper radiator, the ratio of the sample 
counting rate to the background rate was about three 
to one. For the samples of the heavier elements this 
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ratio was frequently higher but for the lighter elements 
the ratio approached unity and in some cases, as will be 
explained below, was even less. 

The calculation of the relative cross sections from the 
counting rates was made in the following manner. The 
counting rates with the sample in position were first 
corrected for two effects which alter the background 
component when the radiator is inserted. The back- 
grounds were then subtracted to obtain the relative 
number of neutrons emitted by the sample. These 
numbers were then corrected for the reduction, by ab- 
sorption, of the gamma-ray intensity as the gamma-rays 
traverse the sample. The neutron yields from the sam- 
ples were reduced to obtain the yield per atom. The 
correction for self-absorption of the gamma-rays in the 
radiator included a small correction for obliquity of 
incidence. For some of the heavy elements the self- 
absorption correction was as great as 30 percent. 

For light elements the two effects which alter the 
background upon insertion of the radiator actually 
reduce the counting rate of the counter with radiator 
below that obtained with no radiator. 

The first of these effects to be considered is the fol- 
lowing. About 50 percent of the background counting 
rate arises from production of neutrons in the walls of 
the counters themselves by the incident gamma-ray 
flux. When the radiator is inserted, the gamma-ray flux 
on the counters is diminished by the absorption of the 
gamma-rays in the sample. This reduces the number of 
neutrons produced in the counter walls. In the case of 
light elements the neutron production may be very 
small and the reduction in the background may exceed 
the increase in the rate due to generation of neutrons in 
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Fic. 1. Geometrical arrangement of Li target, paraffin neutron 
eames BF; proportional counters and neutron producing 
sample. 


the sample. Because the cross section for neutron 
production decreases more rapidly with Z than does the 
total cross section, the effect is larger for low values of Z. 

In the case of copper the correction for this effect was 
about seven percent of the cross section, and was as 


great as 100 percent for the case of calcium. The reduc- . 


tion of the background due to the insertion of the radi- 
ator is obtained by multiplying the fraction of the 
background originating in the counters by the factor 
(1—T) where T is the gamma-ray transmission of the 
sample. The fraction of the background which arises in 
the counters was determined by a series of measure- 
ments which were made with the counters alternately 
bare and surrounded by an amount of brass equal to 
that of the counters. The calculations were made in 
such a manner as to take into account the change in the 
neutron sensitivity of the counters by the insertion of 
the additional brass. The transmission coefficients of the 
samples were calculated from the total gamma-ray 
cross section of the materials. These cross sections were 
based on the values measured by Walker® at 17.6 Mev. 
For the values of Z not directly measured by Walker, 
the values were determined by interpolation. The cor- 
rections to the total gamma-ray cross sections due to 
the presence of the 14.5-Mev line were negligible. While 
gamma-rays may be degraded by Compton scattering 
and consequently not removed from the beam, it was 
calculated that because of the high threshold for the 
(y,m) reaction and the small fraction of high energy 
gamma-rays in the scattered radiation this effect could 
be neglected. 

The second effect which contributes to a reduction 
in the counting rate on insertion of the absorber is the 
scattering of neutrons away from the counters. Some 
neutrons were generated in the vicinity of the target 
and could pass through the paraffin shielding to be 
detected in the counters. When a thick sample is placed 
in the beam, part of the neutrons are scattered away 
from the counters. To measure this effect a thick sample 
of carbon was placed in the beam. Since the gamma-ray 
threshold energy for neutron production in carbon 
exceeds 17.6 Mev, it was presumed that no neutrons 
were generated in the sample. When the carbon sample 
was inserted a reduction in the counting rate was ob- 
served. Much of the reduction was due to the effect 
first described but about 40 percent was due to neutron 
scattering. The determination of the magnitude of the 
scattering effect in carbon, used with the measured 
values for the neutron scattering cross section® for 
neutrons of about 1 Mev, permit a correction to be 
made for the scattering in the various samples which 
were used. For most samples heavier than aluminum 
the correction was negligible, but for the lighter ele- 
ments the corrections were as great as 15 percent. 


8R. L. Walker, Phys. Rev. 76, 527 (1949). 
® Goldsmith, Ibser, and Feld, Science and Engineering of Nuclear 


Power, Neutron cross sections of the elements (Addison-Wesley Press, 


Inc., Cambridge, 1947). 
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After calculation of the relative yields the results for 
the two channels were averaged. The results of the 
calculations are shown in Fig. 2. Here we have plotted 
as ordinate the neutron yield per atom relative to that 
of copper. The abscissa is Z. The smooth variation of 
the yield in the range of Z extending from 21 to 58 is 
rather striking. In this range, with the exception of Ni, 
no value departs from the curve shown by an amount 
greater than about 20 percent. Nickel is notably low, 
having only about one-half the value of the ordinate of 
the curve at this point. The yield values for Z below 20 
are all low but fluctuate widely as might be expected. 
At high Z, Hg, Pb, and Bi seem to show a slight falling 
off. Uranium lies above the extrapolation of the curve, 
probably because of an appreciable photo-fission cross 
section at 17.6 Mev combined with a multiplicity of 
fission neutrons. 


Ill. NEUTRON ENERGY SPECTRUM 


As was mentioned above, it was hoped that one would 
be able to obtain some indication of the neutron energy 
distribution from the various samples by comparing the 
counting rates of the front and rear channels. After sub- 
traction of the background it was found that the ratio 
of the front to rear channel counting rates increased 
with increasing Z by about 35 percent. This indicates 
a decrease in neutron energy with increasing Z. For the 
most part this variation was rather systematic though 
a few elements deviated notably from a systematic 
variation. Tungsten, one of these elements, seemed to 
have a remarkably low energy neutron distribution. 

To explore this further, measurements were made of 
the neutron counting rate for several samples as a 
function of position of the counter in the paraffin behind 
the radiator. This position could be varied by moving 
the paraffin section, which contained the counters, back 
and forth in the outer paraffin shell. Layers of paraffin 
were added between the sample and the counters to 
keep the spaces filled with paraffin at all times. The 
results of the measurements are shown in Fig. 3. Here 
we have plotted the ratio of the corrected counting rate 
of the sample to that for copper. The abscissa is the 
distance D between the face of the cavity in the paraffin 
and the center of the counters. We see that the curve for 
tungsten falls off much faster than that of Pb. For a 
comparison standard the neutrons from Ra-a-Be and 
Po-a-Be were also examined. The counting rates for 
these spectra are also plotted on the curve relative to 
the Cu counting rate. Both of the natural sources seem 
to indicate the presence of appreciably higher energy 
neutrons than are present either in the spectrum of 
copper, Pb or W. It is not possible to obtain from such 
an experiment as this the actual neutron spectrum from 
the elements examined but the curves serve to indicate 
the gross differences between the spectra. Since the 
average energy of.the Po—a—Be source is about 4 Mev, 
and the low energy component of the Ra-a-Be is 


probably less! than 1 Mev, one may guess the average 
energy of the neutrons from Cu to be about 1 Mev. 


IV. DETERMINATION OF Cu CROSS SECTION BY 
MEASUREMENT OF ABSOLUTE GAMMA-RAY 
AND NEUTRON INTENSITY 


The determination of the absolute yield of neutrons 
from the radiator was made by a comparison between 
the neutron counting rate from the radiator and that 
from a standard Ra-a-Be source with the counters 
located in their standard position. When the gamma- 
rays from the cyclotron target fall on the radiator, the 
illumination of the radiator is not uniform. Further- 
more, the sensitivity of detection of the neutrons which 
originate from various parts of the radiator is not 
constant. To take these effects into account in making 
the calibration using the Ra-a-Be source, observations 
were made in the following manner. An aluminum plate, 
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Fic. 2. Neutron yield per atom relative to that from copper. 


the size of the radiator, was subdivided into 25 smaller 
areas. In the center of each area was drilled a hole to 
receive the RaBe neutron source. The plate was placed 
in the radiator position and the counting rate was ob- 
served for the source placed in each of the 25 source 
positions in the plate. The observed rates were then 
weighted by a factor proportional to the area repre- 
sented by each location and proportional to the relative 


‘intensity of illumination of this area when irradiated 


by gamma-rays from the cyclotron. The intensity of 
illumination from the cyclotron was assumed to follow 
the inverse square law. The neutron detection efficien- 
cies were found to be about one percent and one-half 
percent for the front and rear counter pairs, respectively. 

The determination of the gamma-ray intensity was 


10H. L. Anderson, Nuclear Science Series, Preliminary Report 
No. 3, National Research Council. 
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Fic. 3. Relative spatial distribution of neutron density in 
paraffin. Counting rate compared to that of standard Cu sample 
as function of distance D from center of counter to face of cavity 
in the paraffin which contains sample. Ratios have been multiplied 
by arbitrary factors and plotted on a logarithmic scale. 


based upon a direct measurement of the number of 
Compton and pair processes produced in a thin radiator 
by the gamma-ray flux. This method was used earlier 
by Hough." As is indicated in Fig. 4, a thin-walled 
Victoreen Geiger counter was placed in the gap of a 
large magnet so the field lines were directed along the 
axis of the counter. The air gap of the magnet was 
heavily shielded by lead. In the direction of the cyclo- 
tron target there was an opening in the shielding which 
permitted the gamma-rays from all parts of the target 
to strike a chosen region, 1.51 cm, on the counter. 
Thin radiators of Pb, Cu, and Al were placed immedi- 
ately in front of the counter. The counting rate of the 
thin-walled counter was measured as a function of the 
thickness and material of the radiator. The gap height 
of the magnet was 15 cm and the pole diameter was 35 
cm. The target to counter distance was 105 cm. 

For sufficiently thin radiators it is expected that 
either the Compton process or the pair process will 
always give rise to a count in the counter. The presence 
of the magnetic field aids in this respect by increasing 
the probability of counting low energy electrons which 
are scattered through large angles. Because of the re- 
solving time of the counters, one, and only one, count 
is obtained for each process. Thus the incident gamma- 
ray flux can be determined from a knowledge of the 
counting rate, the geometry and the total cross section 
of the material of the radiator for the gamma-ray 
spectrum being used. The principal function of the 
magnetic field is to lower the background by preventing 
electrons. which are produced in the walls and col- 
limator from reaching the counter. To decrease the 
number of electrons scattered from the walls of the 
chamber, the walls were covered by } in. of wood. 
Because of the large increase in the total cross section 
at low energies by the Compton and photoelectric 
processes, it is necessary to determine that there is not 
a sufficient amount of degraded radiation present to 
cause difficulty in the measurements. To check this 


uP, V. C. Hough (unpublished). 


possibility a lead absorber was placed immediately 
behind the collimator. Its absorption coefficient was 
found to be that expected for the high energy radiation 
present in the spectrum. A further check on this point 
is the good agreement which was found between the 
results for the radiators of the three different elements. 
The background counting rate in the counter with no 
radiator present was quite low and was insensitive to 
the magnetic field strength. The value of field strength 
which was used was 3000 gauss. 

The results of the gamma-ray intensity measurements 
are shown in Fig. 5. The ordinates plotted are the ratios 
of counting rate of the Victoreen counter to the monitor 
rate. Plotted on the abscissa is the grams of material 
contained in the radiator. It will be noticed that the 
increase in counting rate with radiator weight is quite 
linear to rather large values. From the slopes of the 
curves and from the gamma-ray cross-section values one 
can obtain the gamma-ray flux corresponding to a given 
monitor rate. The cross-section values which were used 
were taken from the measurements by Walker. A small 
correction was made in the case of lead for the fact that 
Walker’s measurements® were taken at 17.6 Mev 
whereas the gamma-ray spectrum used here contained 
some intensity at 14.8 Mev. For copper and aluminum 
no correction was necessary. The results of the intensity 
measurements for the Pb, Cu, and Al agreed to within 
four percent of the average of the three measurements. 

This method of measuring gamma-ray intensities was 
checked at an earlier time by another method which 
utilized the calculated efficiency of the gamma-ray pair 
spectrometer of Walker and McDaniel.’ The results of 
the measurements by the two methods agreed to five 
percent. The calculated source strength was about 
1X10’ gamma-rays per second. 

Price and Kerst* examined the angular distribution 
of neutrons from lead and iron and found it to be iso- 
tropic. In the present experiment it was assumed that 


or 


105cm from target 
to counter 











Fic. 4. Arrangement for the measurement of absolute gamma- 
ray intensity. Gamma-rays from target produce Compton recoil 
and electron pairs in the radiator in front of counter. Magnetic 
field serves to reduce counter background and improve detection 
efficiency for low energy electrons. 
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all elements examined had an isotropic neutron distri- 
bution. Devons and Hine” have shown that the gamma- 
ray production in the Li reaction deviates slightly from 
isotropy for protons whose incident energy is that of 
the resonance energy. Though our proton energy was 
750 kev, since a thick target was used, nearly all of the 
gamma-ray intensity arises from resonance protons. The 
two sets of apparatus for the neutron measurement and 
the gamma-ray measurement were located at slightly 
different angles with respect to the direction of the 
incident proton beam. This required a correction of 
three percent in the absolute cross-section measurement 
because of the asymmetry in gamma-ray production. 

The value obtained for the Cu cross section for the 
(y,) process is 0.055 barn. This is the average of the 
two values arising from the neutron counting rates of 
the front and rear counting channels. It is also the 
average for both isotopes in the sample and both 
gamma-ray components present in the spectrum. Be- 
cause of the uncertainty resulting from the difference 
between the neutron spectrum of the radiator and the 
calibrating neutrons source, it is difficult to estimate the 
over-all accuracy of the measurements. Our estimate of 
the probable error is 0.012 barn. 


V. DISCUSSION 


It is difficult to make a reliable comparison between 
the results obtained in this experiment and those of 
other experiments because of the widely different con- 
ditions. Waffler and Hirzel! obtained their data using 
the Li gamma-ray spectrum but used activation 
methods for detecting the neutron emission process. 
Price and Kerst* measured the neutrons directly but 
used the broad bremsstrahlung spectrum. Friedlander 
and Perlman? and McElhinney’ used activation methods 
with a bremsstrahlung spectrum. 

In order to make a comparison with other experi- 
ments our results are replotted in Fig. 6, on a logarith- 
mic cross-section scale. Our points are indicated by the 
open circles. The heavy black dots indicate the values 
obtained by Waffler and Hirzel while the dashed curve 
is that obtained by Price and Kerst using the 22-Mev 
bremsstrahlung spectrum. For our data and those of 
Wiffler and Hirzel, the absolute cross-section values are 
plotted. In the latter case it was necessary to average 
the isotopic cross sections to permit a comparison. The 
curve of Price and Kerst has been normalized arbi- 
trarily to match our data at Z equzl to 29. The indicated 
errors in our data represent the standard deviation of 
the average of the various runs on the individual 
samples. It is likely that the systematic errors are 
equally large or larger, in view of the high background 
and large corrections which are applied. The values 
given for Z of 20 or less are quite inaccurate but should 
serve as a rough measure of the cross sections. 


12S, Devons and M. G. N. Hine, Proc. Roy. Soc. A199, 56-73 
(1949). 
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Fic. 5. Counting rate compared to monitor rate for Victoreen 
counter used in the measurement of absolute gamma-ray intensity. 
Counting rate is plotted as a function of radiator weight. Area of 
radiator was 1.5 cm’. 


Though many of the values of Waffler and Hirzel are 
in fair agreement with ours, there are several values 
which differ widely. For Z greater than 20 the values 
obtained in our experiment lie rather smoothly along a 
curve, but the values of Waffler and Hirzel fluctuate 
rather severely. This disagreement in the relative values 
of the cross section may perhaps be explained on the 
basis that the quantities measured in the two experi- 
ments are different. By necessity the activation method 
chooses particular isotopes of certain elements whereas 
the direct neutron measurement is an average over all 
isotopes for each of the available samples. It may be 
argued further that the neutron experiments give heavy 
weight to possible (7,2m) reactions. However, the 
measurements of Perlman and Friedlander at 50 Mev for 
F®, P*!, and Cu® indicate that the (7,2) process is at 
most 10 percent of the (y,m) cross section for the light 
elements. The (7,27) thresholds for most of the elements 
examined probably exceed the 17.6-Mev gamma-ray 
energy. For those cases in which the (y,2m) reaction is 
possible one would expect the yield to be small because 
of the nearness to the threshold. One would expect that 
the absolute cross section measured by activation would 
be equal to, or smaller than, the cross section computed 
from the neutron yield assuming the emission of a single 
neutron. Of the elements measured both by Waffler and 
Hirzel and by us, Cu is outstanding in that their value 
is 2.5 times greater than ours. While there are several 
other elements for which their values are notably high 
as compared with a smooth curve through our points, 
in these cases we have no measurements on elements of 
the same Z. 

The agreement between our data and that of Price 
and Kerst seems to be much better. Though they also 
obtained data using the bremsstrahlung from 18-Mev 
electrons as well as those of 22 Mev, it was felt that it 
was better to compare our data with the 22-Mev data 
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rather than with either the 18-Mev data or the dif- 
ference between the two. For the 18-Mev bremsstrah- 
lung spectrum there are very few gamma-rays of energy 
as great as 17.6 Mev. With this spectrum one would 
expect the yield to depend strongly on the threshold for 
the reaction rather than on the cross section near 17 
Mev, since the maximum in the cross-section curve 
probably occurs near or above 17 Mev for most of the 
elements. The difference spectrum is but little better in 
this respect and has the additional disadvantage of 
being very sensitive to the calibration of the gamma-ray 


z 
° 0 20 30 40 50 60 7 80 90 100 





Fic. 6. Neutron yield plotted as a function of Z. The yield is 
plotted as (,m) cross section per atom. Data of Price and Kerst 
and McDaniel, Walker, and Stearns are plotted assuming no 
multiplicity of neutrons in the emission process. Errors shown on 
circled points are based on calculation of standard deviations. 
Systematic errors may be appreciably greater. 


intensity in the two cases. The comparison with the 
22-Mev data was not extended below Z = 20 because the 
fluctuating and increasing values of the threshold for 
neutron production would make the comparison of little 
significance. 

Katz and co-workers have measured the (y,m) 
activation cross section of Cu®* and Cu® using the 
bremsstrahlung spectrum. Assuming the shape of the 
spectrum they have obtained a differential cross-section 
curve as a function of energy. The relativ? values which 
they obtain at 17.6 Mev for Cu® and Cu® are in wide 
disagreement w:th those obtained by Wéffler and Hirzel. 
They find ,o/o%<0.2, Waffler and Hirzel obtain the 
value 1.5 for the same ratio. If one takes Katz’s absolute 

values for the differential cross section and averages 


over the two isotopes and over the Li spectrum one 
obtains the value 0.056 barn for the cross section, in 
agreement with our results. 

By the Teller-Goldhaber™ theory, one expects the 
(y,”) cross section to show a strong peak as a function 
of energy. Both the Goldhaber-Teller theory and the 
Levinger-Bethe theory" predict that the mean energy 
of the photon absorption spectrum should decrease with 
increasing Z. However, neither theory indicates what 
one would expect for the variation of the cross section 
as a function of Z while using a monochromatic line at 
17.6 Mev. 

Other experiments!” have shown the expected 
decrease of resonance energy with increasing Z. One 
feature in our results may also indicate this. It will be 
observed that above Z =74, our data indicate a decrease 
in the yield whereas the data of Price and Kerst indicate 
an increase with increasing Z. It seems possible that 
with increasing Z the resonance energy has fallen 
below the 17.6-Mev line giving rise to a decrease in the 
yield at that energy, whereas the yield averaged over 
the betatron spectrum continues to increase in about 
the same manner as for lighter nuclei, more-or-less 
independently of the location of the resonance. Because 
of the observed low value of the resonance energy®!@ 
in Ta, one is not surprised to find that Ta also yields a 
low cross-section value for the Li spectrum. 

It would seem to be very desirable to repeat the 
measurements using the high energy gamma-ray from 
the reaction H*(p,7)He*. Such an experiment should 
give additional information concerning the shape of the 
(y,m) cross-section curve as a function of energy and Z. 

The cross sections of Ca and Ni are notable in that 
they deviate so far from the smooth curve which can be 
drawn through the other points. These deviations have 
also been observed in the other experiments.* * Though 
these fluctuations may be, in a sense, accidental, one 
may hope that they will be explained by a correct 
theoretical interpretation. Measurements of the (7,/) 
and (7,2) cross sections would perhaps shed some 
light on this question. 

We wish to thank Dr. Bruce Dayton for his assistance 
in the operation of the cyclotron. We are indebted to 
the Argonne National Laboratory for the calibration of 
the Ra-a-Be neutron source strength and to Dr. L. 
Katz for the communication of his results prior to 
publication. 
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Maria Mayer and Teller have proposed accounting for the relative abundances of the heavier elements 
as products of the fission of a cold polyneutron fluid. The present paper proposes to account for the lighter 
elements as having been formed at an earlier stage in evolution when temperatures were high enough to 
permit nuclear reactions, and the primordial neutron-rich nuclear fluid first separates into two phases: the 
condensed super-clusters or stars which eventually cool to become the Mayer-Teller polyneutrons, and an 
atmosphere or vapor of small clusters that become the lighter elements. 

The quantum statistics of a dissociative clustering nucleon gas is worked out and yields equilibrium 
abundances of the small clusters or light nuclei in the vapor that agree qualitatively with the observed 
abundances if the temperature T of the equilibrium is assumed to be such that kT7=5 Mev. 





I. INTRODUCTION 


T.is well known that the curve of relative abundances 
of the elements against atomic weight suffers a 
break at about weight 80, the lighter elements falling 
in abundance with increasing weight much more rap- 
idly than do the heavier elements.! Maria Mayer and 
Teller have proposed? to account for the relative abun- 
dances of the heavier elements as products of the fis- 
sion of a cold polyneutron fluid, or presumably of a 
number of such polyneutrons each having a mass of 
the same order of magnitude as that of a star. The 
present paper proposes to account for the lighter ele- 
ments as forming at an earlier stage in evolution when 
temperatures were high enough to permit nuclear re- 
actions, and the primordial neutron-rich fluid first 
separates into two phases: the condensed polyneutron 
super-clusters or stars in equilibrium with an atmos- 
phere or vapor of small clusters that are later recognized 
as the lighter elements. 

The separation can be thought of as a result of an 
expansion of the primordial fluid starting at a tem- 
perature above the critical. The Mayer-Teller fission 
of the condensed polyneutron super-clusters continues 
long after the temperature has fallen too low to permit 
further nuclear reactions among the vapor clusters 
whose abundances are therefore “frozen,’”’ and simply 
superposes on the latter, the additional distribution of 
the heavier elements. The question of a time-scale for 
these events is left entirely open, and whether an equi- 
librium calculation can apply to the separation into two 
phases of nuclear fluid must be regarded at the moment 
as pure speculation. The calculations of this paper tend 
to favor the validity of this speculation. 

The statistical problem can be solved approximately 
without reference to the nature of nuclear forces, be- 
yond the simple assumption that the latter are sufficient 
to bind nucleons into clusters and are of very short 
ranges compared with the inter-nucleon distance in the 
atmosphere. Because the cold polyneutron is un- 


* The work was supported by funds from the ONR. 
1H: Brown, Rev. Mod. Phys. 21, 625 (1949). 
2M. Mayer and E. Teller, Phys. Rev. 76, 1226 (1949). 
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doubtedly a quantum degenerate assembly it is de- 
sirable to work with quantum statistics from the start, 
although it is by no means certain that the quantum 
degeneracy has any marked influence at the high tem- 
peratures required for nuclear reactions. In a previous 
paper® we have discussed the quantum statistics of a 
clustering Bose-Einstein gas in which the single un- 
clustered particles were restricted to contain only an 
even number of nucleons. In that work we were inter- 
ested only in a van der Waals clustering. In the present 
paper we have to discuss the quantum statistics of 
clustering nucleons and the mixture will contain both 
even and odd nuclei so that both Fermi-Dirac and 
Bose-Einstein elements exist together in the same 
assembly. 

There is evidently a critical minimum mass below 
which the polyneutron cannot exist in two phases; the 
condensed polyneutron must be at least massive enough 
to hold an atmosphere at the saturated vapor pressure 
while at the same time the temperature must be high 
enough to produce nuclear reactions in the atmosphere. 
The kinetic energy per nucleon in the atmosphere must, 
namely, be of the order of several Mev, and for this 
to be trapped in the gravitational field of the poly- 
neutron the latter must produce a gravitational po- 
tential at least 10'* erg/g. The gravitational field at 
the surface of a sphere of mass M and density p is 
10.7X10-%p'M? erg/g. The condensed polyneutron 
must have a density corresponding to an inter-nucleon 
distance of the order 10~” cm, so that p~10” g cm’ 
and the minimum mass is of the order M~3X10* g, 
roughly the same as that suggested by Mayer and 
Teller. 


II. QUANTUM STATISTICS OF CLUSTERING 
NUCLEONS 


The fluid assembly is treated as a mixture of perfect - 
gases between which dissociative equilibrium exists. 
Each nuclear species or cluster type is regarded as a 
component in the mixture. Long range forces—Coulomb 
forces—between the clusters are neglected, and it is 


3 W. Band, Phys. Rev. 79, 871 (1950). 
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presumed that the temperature of the assembly is 
high enough to ensure frequent penetration of potential 
barriers so that neglect of long range forces may be 
justified in comparison with the energy of cluster 
formation. This approximation has been discussed in 
the previous paper.* 

There exist only neutrons and protons in the assembly 
and the energy of clustering can be expressed as a sum 
of terms; one linear in the number of neutrons and the 
number of protons in the cluster, and one increasing 
less rapidly with the number of nucleons than linearly. 

The assembly is characterized by the set of numbers 
N(n, p) of clusters in which there are m neutrons and 
p protons each. It is convenient for brevity to write a 
single letter s to represent the ordered pair (m, p) and 
to write NV, for N(n, p). 

The total number of protons in the assembly is 


Ne=LindvbN(n, p)=LipN. (1) 
and the total number of neutrons in the assembly is 
Ny=Lead pn (n, p) =) mN,. (2) 


Any sub-assembly consisting only of the N, clusters of 
type s will be represented by a symmetrical wave 
function if m+ is even and by an antisymmetrical 
wave function if n+ is odd: 


s({ps}, {re})=(Ne!V%*)-4 S p(—) ote) P 


Ns 
Xexp} (2ri/h) > (paj-ters)}- (3) 


pa 


In this expression r,; is the mass center position vector 
of the jth cluster, p,; its momentum vector; P; means 
another suffix obtained from 7 by a permutation P, 
> P is a sum over all such permutations, (—)‘"t?)? is 
negative if m+ is odd and P an odd permutation, 
otherwise it is positive unity; the suffix s throughout 
means the ordered pair (n, »). The curly brackets {r,} 
indicate the whole set of vectors obtained from r,; by 
including all clusters 7. The wave function (3) repre- 
sents only the mass center motion of the clusters; there 
is a factor of the form ¢(g.;) depending only on the 
internal coordinates and momenta represented collec- 
tively by q.; for each cluster—one such factor for each 
cluster in the assembly. 

The assembly of V, and NV, nucleons, characterized 
by the set of cluster numbers {N,} is represented by 
wave functions 


Ne 
O({No})=TTob-({Pe}, tre}) TT o(Ges). (4) 


These are the steady states of the assembly and de- 
pend on the set of numbers {1V,}, processes of dissocia- 
tion are regarded as transitions between different such 
states. The contribution to the grand partition function 


from a given set of numbers {N,} is 


O(N s}) = (WoL!) Ue 8Orre) f f o*({N4}) 


Xexp{—H({N.})/kT}o({N.}) Te] idr.jdp.jdq.3 (5) 


where 


Ns 
A({N.})=L LX p.7/2(n+-p)M+L = U.(qei) (6) 


s=1 7=1 e=1 7=1 


is the Hamiltonian of the assembly, M being the mass 
of either type of nucleon. Define the mean internal 
energy W, of the s-type cluster by 


Vs exp(—N.W ./kT) = (n!p!)%ehS(mtp-DNe 
Ns 
x II $*(g.;)exp(— U./kT)(q0;)dqe;. (7) 


The integrations over the momenta in (5) proceed 
in the same way as in the previous paper® and we 
finally obtain the result: — 


N.INyNs!O({N.}) = TI [2a (n+p)MkT/H? PY*?(n\p!)¥ 


Xexp(—NW./#D) | - . f XE (—) eters) 


P’ PY 


Ns 
Xexp| — [2n?(n+ p)MRT/h?] X (rs—tae)| 


XI]I-[]dr.;. (8) 


Now if we write P’=PP’ then (—)?’+?’”=(—)?P 
and the double sum over all the permutations can be 
written as V,! times the sum over P: this cancels the 
factor NV! from the left-hand side of (8) and the in- 
tegrals over coordinate space become: 


fife “| ~[2x°(n-+p)MET/#] 
xz (tn) TET. ©) 


These integrals break up into chain integrals just as 
in reference 3 but now we note that when P is even 
there is an odd number of links yu in the chain, while 
when P is odd the number of links uv is even. Thus the 
alternations of sign are properly accounted in the 
following : 


N,INs tN.) = gs oasis ge W./kT) 


x x wall ) eB) 9) (1 my!) 


{mp}Ne 


{ VU2e(n+p) kT /l? P?u-8?}™m (10) 


where the symbol >> {m,}N, means the sum over all sets 
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of numbers {m,} such that 


Ne 
L um, = N,. (11) 
p= 


The number of significantly different ways of arranging 
the nucleons among clusters is 


Ny e!/T1 No !(n!p!)%*. (12) 


Multiplying Q({N.}) by this and summing over all 
possible sets {N,} we obtain the complete grand parti- 
tion function: 


Ns 
ON, N)= 2 TT LY IL (—)&?)(1/m,!) 


{Ne} & (myp)Ne v=l 


X { V[2a(n-+ p)MkT/h? P28 
Xexp(—wW,/kT)}™. (13) 


To evaluate this partition function we first observe 
that it can be expressed as the coefficient of X¥*Y"* in 
the following power series: 


exp{>sdop(—) +?) DV [24 (n+ p)MRT/h? P2812 : | 
Xexp(—wW,/kT)-X™Y™}, (14) 


In confirming this we note that 


LL wnm, => nN .=N,, 
Lew pm,= > pN.=N,, (15) 


so that the restricted summations in (13) are taken care 
of automatically by selecting the coefficient in (14). 
Going over to the complex X and Y planes in place of 
X and Y we therefore have 


Q(N,, Nx) =(1/2i)? g rs X-Wr+) Y—Wrtt) 


Xexp[Vx(X, Y)]dXdY, (16) 
where 


x(X, YSLL(—) OL De (mt p) MET / EY 
Xpre-WelkTX YD, (17) 


This is a generalization to two complex planes of the 
similar expression in reference 3 where only one com- 
plex plane was present. This mathematical problem has 
been handled‘ in any number of complex planes. Equa- 
tion (16) is the analog of Eq. (4.11) of reference 4, and 
making use of Eqs. (7.8) and (7.9) of that work, we 
infer from (16) above that Lim: W,, N,-© of 
(V,+N x) InQ(W,, Vz) is 


ux(Xo, Yo)—c, InXo—c, InYo,; (18) 
where 


v=V/(N,+N;,), G=N,/(N,+N;2), 
cr=N,/(N,+N;), (19) 


‘K. Fuchs, Proc. Roy. Soc. A 179, 408 (1942). 
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and Xo and Yo are determined by 
vXAx(Xo, Yo)/AXo=cr, vVodx(Xo, Yo)/AVo=ce. (20) 


The expression (18) is simply (—1/kT) times the 
Helmholtz free energy A while the pressure of the 
assembly is P=—0A/dv. Thus we find 


P/AT=TX(—) +O De (n+ p)MAT/ IP 
Xu-*? exp(—pwW./kT)Xo™Vo™, (21) 


where Xo and Yo are determined by 


N,/V= Dd u(— ) (wtp) (oD nf 2a (n+ p)MkT/h? P? 
Xp 2 exp(—yW ,/kT) Xo" Vo?" (22) 


N,/V=X.L(—) + pL 2 (n+p) MRT / HEP? 
Xu-¥ exp(—pW,/kT)Xo™Vo". (23) 


Comparing these equations with (15) we see that the 
mean numbers of clusters of type s=(n, p) is given by 


N(n, p)/V=Du(—) +?) DY 2e(n+ p) MRT /h? 
Xu-¥? exp(—pW,/kT)Xo™Yor". (24) 


Ill. CONDENSATION PHENOMENA 
In Egs. (22), (23) and (24) write 
Xo=exp(—¢,/kT), Yo=exp(—¢s/kT) (25) 
W,.=—nW,—pW,+S(n, p). (26) 


Here ¢, and ¢, are simply parameters replacing Xo 
and Yo, while (26) is a crude approximation to the 
empirical formula for mass defects of nuclei, —S(n, p) 
is the sum of those (usually negative) terms in the mass 
defect that increase more slowly than the atomic weight, 
the surface and Coulomb terms. In the empirical for- 
mula there is also a term of the form (n—p)?/(n+)). 
In the lighter elements the difference »— p is compara- 
tively small while the ratio p/n is roughly constant, so 
this term can be written approximately as n—3p 
+4p(p/n). A correction to W, and W, might take care 
of this to a first approximation. Equations (22) and 
(23) now become 


N,/V=(2eMkT/I?)! S (—) t=) G-) 
Xn(n+ p)iurtensin PRT exp{ —uln(o,—W,) 
+p(¢,—W,)\/kT} (27) 
N,/V=(2eMkT/P*)! & (—) tee 
Xp(n+p) yrtensin PET exp{ — yl n(b,—W,) 
+p(¢r—Ws) kT}. (28) 


Clustering avalanches occur both where the -series 
and the p-series reach their radii of convergence. These 
are when ¢,—W, and $,—W,. If the assembly is 
neutron-rich, V,>>N,, then it is clear from the form 
of these last two equations that ¢,—W, must be smaller 
than ¢,—W,. This means that the limit ¢,—-W, must 
be the first to occur as the temperature is decreased. 














816 WILLIAM BAND 


Let the temperature at which this occurs be T,. Then 
N,/V=(2MkT,/h?)* . (—) ot Yn(n+p)! 
X pte Sm pd tr, ata W,)/kT,] (29) 
N,/V=(2aMkT,/h)* 2, (—)otP oD o(n-+ p)! 
Xpter8n IF expl—uplbe—W.)/AT.}. (30) 


If now the temperature falls below 7,, Eq. (30) can 
still be satisfied by choosing a smaller value of (¢.—W-) 
but this smaller value cannot be sufficiently small to 
continue to satisfy (29): this is because of the factor 
p in (30) that is replaced by m in (29). Thus neutrons 
must on balance condense out of the vapor into the 
liquid phase. This process continues until finally we 
reach 7, where ¢,—W, and 


N,/V=(2eMhkT,/h?)! > (—) +) 
Xp(n+p)'u-t exp[—wS(n, p)/kTz]. (31) 


All excess neutrons have now been condensed out of 
the vapor until there remain only the number J,’ 
given by 


N,'/V=(24MkT,/i?)! & (—) te) Gd 
Xn(n+p)'u-! exp[—wS(n, p)/kT,]. (32) 


However in practice S(n, p) depends in first approxi- 
mation only on (m+) so that the two sums (31) and 
(32) are to this approximation mathematically identical. 
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Thus, going into the vapor are nearly equal numbers of 
neutrons and protons, V,’=N,, all excess neutrons re- 
maining in the liquid polyneutron phase. Any further 
expansion removes neutrons from the liquid phase in 
nearly equal numbers, and Eqs. (31) and (32) continue 
to represent the saturated vapor with the suffix re- 
moved from 7. : ' 

In particular, the number of clusters of type (n, p) 
is given by 
N(n, p)/V = (2eMkT/h?) Yo, (—) (n+p)! 

Xu exp[—uS(n, p)/kT]. (33) 
Because of the approximations used in (26) this for- 
mula applies only approximately, the approximation 
being best for the lighter isotopes. Equations (31) and 
(32) include at least formally the existence of a critical 
point if it is agreed to regard S(n, p) as a function of 
temperature which can become zero at sufficiently 
high T. At such a temperature both sums diverge and 
the density becomes infinite. This infinity arises be- 
cause the model did not take into account the finite 
volume of the clusters; this fault can be corrected for, 
but we shall not attempt to do so here. 

In Eq. (33) we note that when +> is even the p- 
series terms are all positive, and the expression is of 
typical Bose-Einstein type: However, as was pointed 
out in reference 3 the Bose-Einstein condensation does 
not occur before the clustering avalanche; so long as 
the assembly is below the critical point the clustering 
avalanche induces the phase transition into the liquid 
phase before the Bose-Einstein transition can occur. 
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Fic. 1, Abundance of the lighter elements including a representative selection of the heavier elements, showing the 
theoretical curves for the lighter elements discussed in the text. 
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On the other hand when n+ is odd, Eq. (33) gives a 
u-series with alternating signs and their sums are neces- 
sarily smaller than those of even masses. At first it 
might be expected that this would result in greater 
abundance of the even mass nuclei, but it turns out 
that in the temperature region required to account for 
the general trend of nuclear abundance, the factor 
exp[—S(n, p)/kT] is generally so small that the p- 
series reduces effectively to its first term. Finally there- 
fore we have as a first approximation to the nuclear 
abundance in a vapor in equilibrium with a neutron- 
rich nuclear liquid: 


N(n, p)/V=(2eMRT/I)M(n-+p)te-S™ 90/7, (34) 


In other words, the relative abundance of two species 
of nuclei having mass numbers (w+) equal respec- 
tively to A; and A», containing Z; and Z2 protons, is 


N1/N2= (A1/A2)} exp{ —LS(Au1, 21) 
_ —S(As, Z2)V/kT}, (35) 


where S(A, Z) is simply the non-linear repulsive term 
in the binding energy. 


IV. ESTIMATE OF RELATIVE ABUNDANCE 


The significant and perhaps surprising point about 
(35) is that while it looks very like a simple Boltzmana 
expression, only the repulsive term in the binding energy 
appears in the exponent. This is directly a consequence 
of the fact that the vapor is in equilibrium with the con- 
densed polyneutron, and would of course not be true 
otherwise. If the picture of evolution implied in this 
work is to be self-consistent, Eq. (35) should yield 
abundances for the lighter elements of the correct 
general pattern with a value of kT of several Mev, 
which is sufficient to produce nuclear reactions in the 
“atmosphere.” 

Clearly at such temperatures the binding energies of 
nuclei cannot be identical with those observed under 
laboratory conditions, where the internal kinetic energy 
is negligibly greater than the zero-point energy. The 
surface terms must be considerably less, along with the 
whole binding energy. As an admittedly crude and per- 
haps even questionable estimate of the appropriate 
surface energy we shall write 


S(n, p)=So(n, p)—1.5kT A}. (36) 


Here So is the surface term at laboratory temperatures, 
and the temperature term is such as to give zero’S at 
a critical temperature about 10 Mev per k above which 
no phase separation could occur. This seems to be the 
simplest way to handle the situation without adding 
more unknown parameters. Using (36) it is found that 
the general trend of abundances of all elements of 
atomic weight below about 80 is given faithfully by 
(35) if we put kT=5 Mev, whereas the observed abun- 
dances of the heavier elements are progressively much 
greater than would be given by (35), a difference that 
can be understood in terms of the Mayer-Teller theory 


TaBLeE I. Equilibrium temperature from isotope abundances.* 











Isotope kT in Mev Isotope kT in Mev 
H 1:2 3.7 S 32:36 1.2 
O 16:17 1.03 A 36:38 3.0 

16:18 1.2 
K 39:41 1.8 

Ne 20:21 1.29 

Ca 40:44 2.2 

20:22 2.5 
Cy: S3e53 2.5 

Mg 24:25 2.8 
24:26 2.8 Ni 58:60 2.9 
58:64 2.2 

Si 28:29 1.8 
28:30 1.65 Cu 63:65 2.7 
S 32:33 1.4 Zn 64:66 4.5 
32:34 3.5 64:70 2.6 








® Note: the isotope abundances of Cl and Fe do not fit the formula at all. 


For simplicity we refer all abundances to hydrogen, 
write V/Nz=C and express (35) and (36) in the form 


logC= 1.5 logA+0.434{ (Sa—Sa, z)/kT 
—1.5(1—A)}. (37) 


The empirical values of S(A, Z) lie on three curves: 
in Mev 


S(A, Z) 
== 15.14? if A is odd o 
=15.1A#+-38.7A-t if A isevenandZodd [° ©® 
= 15.14!—38.7A- if both A and Z are even 


Figure 1 shows the three curves (37) derived from these 
three forms for S(A,Z) together with the observed 
abundances given by Brown.! The fluctuations away 
from equilibrium are wider than the differences between 
the three curves, the worst ones being F!*, Sc*®, Fe5® 
and Ni®*, However the observed general tendency of 
the abundances of the lighter elements to decrease 
with increasing atomic weight is well represented, and 
considering that no parameter other than T has been 
used in making this adjustment, the agreement is as 
good as can be reasonably expected. 


DISCUSSION 


The empirical formula for the binding energy from 
which (38) is taken is known to be appreciably in error 
in a number of individual cases. One might therefore 
hope to improve the agreement between formula (37) 
and the observed abundances by taking these indi- 
vidual binding energy anomalies into account. Un- 
fortunately S(A, Z) is not the total binding energy, 
and there does not appear to be any reliable way in 
which blame for any individual anomaly can be appor- 
tioned between the linear and the surface terms. Noth- 
ing much better than a qualitative discussion is there- 
fore possible until a much more complete theory of the 
binding energy of nuclei exists. To illustrate this situa- 
tion Table I shows the result of using (37) and the ob- 
served relative abundances of various sets of isotopes 
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to calculate the equilibrium temperature. They are all 
consistently lower than the 5 Mev needed to fit the 
curve for the lighter elements as a whole. There are 
two alternative interpretations of this: (a) the less 
abundant isotopes were actually formed later when the 
temperature had dropped below the initial 5 Mev, 
(b) the lower temperature is fictitious, the abundances 
actually departing from equilibrium for some special 
reason. For example the abundance of O" is markedly 
lower than would be given by (37) at 5 Mev, and this 
could be due to the anomalously small binding energy 
of the extra neutron. While from the present point of 
view one might equally well assert that the small 
binding energy is due to an anomalously large (positive) 
surface energy above that given by (38), this would 
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have the effect of raising the low temperature found in 
Table I. Just how much of the anomaly is due to the 
surface energy is simply not known. The opposite 
anomaly, not shown in the table, occurs with the 
chlorine isotopes 35 and 37 where the abundance of the 
heavier isotope is so large that a negative temperature 
would be needed to fit (35). But here the binding 
energy of the extra neutron is anomalously high, and 
one may again suppose that an unknown part of this 
is accountable as due to anomalously small surface 
energy in Cl*’; if this anomaly is great enough to re- 
verse the sign of the difference $(35)—5(37), formula 
(35) would yield a reasonable value for 7. 

The writer is happy to thank Dr. Maria Mayer for 
her helpful comments on the first draft of this paper. 
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Using neutrons from the Li’(p,m)Be’ reaction, the cross sections for the reactions N“(n,p)C™ and 
N"(n,«)B™ were measured for neutron energies from 150 to 2100 kev. Resonances for the (m,p) reaction 
were found at 499, 640, 993, and 1415 kev; for the (n,a) reaction at 1415 and 1800 kev. Information was ob- 
tained about the excited state of Be’. It was found to lie 4314-5 kev above the ground state, and probabilities 
for its formation in the Li(p,m) reaction were determined. 


I. INTRODUCTION 


RELIMINARY results on the variation with energy 
of the cross section for the disintegration of nitrogen 
by fast neutrons were reported previously.! More careful 
measurements of this cross section appeared to be 
desirable for the following reasons: (1) measurements 
of the cross section of the C“(p,n)N™ reaction show a 
discrepancy when compared with the cross section of 
the N"(n,p)C" reaction on the basis of the principle of 
detailed balancing;? (2) an attempt to find the levels in 
N® which appear in measurements of the N“(n,p) reac- 
tion by measuring the total cross section of nitrogen had 
been unsuccessful;* (3) information concerning the re- 
cently discovered low energy neutron group from the 
Li(p,m) reaction‘ might be obtained from such measure- 
ments. 


Il. EXPERIMENTAL PROCEDURE 


The procedure followed in the present experiments 
was very similar to that described previously. Neutrons 


* Work supported by the AEC and the Wisconsin Alumni 
Research Foundation. 
* 1H. H. Barschall and M. E. Battat, Phys. Rev. 70, 245 (1946). 
2 Shoupp, Jennings, and Sun, Phys. Rev. 75, 1 (1949). 
( — Adair, Barschall, and Sala, Phys. Rev. 75, 336 
1949 
Panag Laubenstein, and Richards, Phys. Rev. 77, 413 
1950 


were produced by bombarding a Li target by protons 
from the electrostatic generator. The protons had an 
energy spread of 5 kev; the Li target had a stopping 
power of 12 kev for 2-Mev protons. 

Protons and a-particles from the disintegration of 
nitrogen were observed in a cylindrical ionization 
chamber similar to that described by Koontz and Hall.® 
The chamber was filled with nitrogen to a pressure of 
10 atmospheres. 5000 volts applied to the chamber gave 
saturation without gas multiplication. The center of the 
active volume of the chamber was placed at a distance 
of 16 cm from the Li target in such a direction that the 
axis of the chamber made an angle of 30° with respect 
to the incident protons. 

For most of the measurements ionization pulses 
larger than a predetermined size were counted. In order 
to select the proper bias for counting the desired pulses, 
pulse height distributions were taken at neutron energy 
intervals of about 100 kev by means of a differential 
discriminator. As a further check on the bias settings, 
the pulses were presented on a cathode-ray oscilloscope 
and photographed on moving film. Such photographic 
records were made at those neutron energies at which, 
in preliminary experiments, especially interesting 
features had been observed. 


5 P. G. Koontz and T. A. Hall, Rev. Sci. Inst. 18, 643 (1947). 
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The neutron flux incident upon the nitrogen-filled 
chamber was measured by means of a “long counter’’,® 
the detecting efficiency of which depends very little on 
neutron energy. The efficiency of this counter was deter- 
mined by placing a calibrated Ra—Be source at the 
position normally occupied by the Li target. 

In Fig. 1 some typical pulse-height distribution curves 
are presented. Each curve shows a rapid rise at low 
ionization energies because of the effect of y-rays and 
nitrogen recoils. Peaks in the pulse height distribution 
will be produced by the N(m,p)C reaction and by the 
N(n,a)B reaction. Above a neutron energy of 610 kev 
for the main group of neutrons from the Li’(p,n)Be’ 
reaction, lower energy maxima in the pulse height dis- 
tribution for both nitrogen reactions may be produced 
by neutrons from the Li’(p,m)Be™ reaction, where the 
Be’ nucleus is left in an excited state at about 430 kev.’ 
The energies for which distributions are given in Fig. 1 
were chosen to show examples of the various observed 
combinations of particle groups. It may be noted that 
the peak at the largest pulse height becomes less sharp 
as the neutron energy is increased. This effect arises 
from the fact that at.the higher energies the range of 
the disintegration protons becomes comparable with the 
radius of the counter. Other factors which will con- 
tribute to a broadening of the peaks are amplifier noise, 
effects of the radial position of the ionization event, 
channel width, and neutron energy spread; however, 
in the present experiment it is only of importance that 
the peaks in the distribution curves be resolved. 

In Fig. 2 the pulse heights at the various peaks in the 
distribution curves are plotted as a function of neutron 
energy. The peaks are attributed to three processes as 
indicated. Since the (,p) and (”,a) pulse heights vary 
linearly with neutron energy, an extrapolation to zero 
pulse height should intercept the energy axis at the 
negative values of the reaction energies, and a check 
on the assignment of the peaks to the proper reactions 
may be made from the known Q-values. The intercepts 
are subject to considerable uncertainty as a result of the 
broadness of the distribution peaks and the long extra- 
polation; hence, these measurements are not accurate 
determinations of the Q-values. Intercepts (times —1) 
as found from Fig. 2 are 630-50 kev for the (”,p) curve 
in agreement with the Q-value of 630+6 as measured 
by Franzen e al.,8 and —260-+80 kev for the (n,a) 
curve in agreement with the Q-value of —240+80 kev 
determined by Stebler and Huber.® Since neither B" 
nor C“ have any known energy levels!® below 2 Mev 
and since no distribution peaks corresponding to any 
such levels were found, these nuclei are presumed to be 
left in their ground states. 


6 A. O. Hanson and J. L. McKibben, Phys. Rev. 72, 673 (1947). 
7 T. Lauritsen and R. G. Thomas, Phys. Rev. (1950). 
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8 Franzen, Halpern, and Stephens, Phys. Rev. 77, 641 (1950). 
® A. Stebler and P. Huber, Helv. Phys. Acta 21, 59 (1948). 
a o4sy. F. Hornyak and T. Lauritsen, Rev. Mod. Phys. 20, 191 
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It is of interest that the slope of the (”,a) curve is 
less than that of the (m,p) curve in Fig. 2. With the 
approximation that the energy is concentrated on the 
lighter particle, each slope is proportional to the ratio 
of the total ionization to the energy of the corresponding 
particle. According to observations by Jesse and Sa- 
dauskis" on ionization by a-particles in air, this ratio 
increases slightly with the velocity of the particle. 
Since the proton has a much larger velocity than the 
a-particle, there is a noticeable difference in slope. The 
difference is in qualitative agreement with the measure- 
ments of Jesse and Sadauskis. No significance is 
attached to the slope and intercept of the center curve 
in Fig. 2 since the points are not plotted at the energy 
of the neutrons causing the disintegrations. 

By setting the bias between the several peaks formed 
in the pulse-height distributions, the number of disin- 
tegrations of each kind was counted at those energies 
at which complete distribution curves were not deter- 
mined. A correction for wall effect was applied according 
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Fic. 1. Pulse-height distributions for disintegrations caused by 
Li(~,m) neutrons entering the nitrogen-filled ionization chamber 
are shown for five energies of the main group of neutrons. Peaks 
are indicated as resulting from the N(m,p) and N(m,a) reactions 
for both the main group and ‘ow energy group of neutrons. 
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1 W. P. Jesse and J. Sadauskis, Phys. Rev. 78, 1 (1950). 
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Fic. 2. Pulse heights at the various peaks in the distribution 
curves are plotted against the energy of the main group of Li(p,n) 
neutrons. The reactions causing peaks are indicated. Energy 
intercepts of the two curves which could be extrapolated linearly 
agree with the Q-values of the assigned reactions. 


to the method described by Rossi and Staub.” Cor- 
rections were applied for both the loss of pulses by the 
wall effect and the gain of pulses to a low energy group 
as a result of counting fast particles intercepted by the 
wall. 


Ill. RESULTS 


The lower part of Fig. 3 shows the cross sections for 
the N(n,p) and the N(,a) reactions plotted against 
the energy of the major neutron group in the Li(p,n) 
reaction. Resonances for the (,p) reaction appear at 
neutron energies of 4995, 64047, 993412, and 
1415+15 kev; and for the (”,a) reaction at 1415+-50 
and 1800-+15 kev. All the resonances are appreciably 
wider than the experimental neutron energy spread of 
about 15 kev. The height of the symbols used is equal 
to, or larger than, the statistical accuracy of the meas- 
urements. For the (m,a) reaction, the statistical ac- 
curacy is less than for the (”,p) reaction because the 
proton count has to be subtracted from the total count. 
Figure 3 includes results obtained both from direct 
counting and from the photographic records. 

When the energy of the bombarding protons is such 
that the lower energy neutron group from the Li(p,») 
reaction has an energy corresponding to a resonance 
in the nitrogen reactions whereas the main group has an 
energy corresponding to a low cross section, the effect 
of the neutrons of lower energy becomes particularly 
noticeable. In the upper part of Fig. 3 the number of 
disintegration protons produced by the low energy 
neutron group is plotted using as ordinate the apparent 
cross section calculated as if all the monitor counts were 
due to this group. The curves are plotted directly above 
the energy of the major neutron group at which data 
were taken, and at each resonance the actual energy of 
neutrons causing resonance is indicated as obtained 


12 B. B. Rossi and H. H. Staub, Jonization Chambers and Counters 
(McGraw-Hill Book Company, Inc., New York), p. 236. 
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from the corresponding resonance in the lower part of 
the figure. 
In Table I the positions of the resonances expressed 


in terms of neutron energies are compared with values 


observed by others for the same reactions and for the 
inverse (p,m) and (a,m) reactions. Agreement within 
experimental error exists for all resonances that were 
prominent in every experiment. The resonance energy 
determined from the B(a,m) reaction" was found only 
to two significant figures and the corresponding Q-value 
used in Table I has an 80-kev uncertainty; hence, the 
resonance energy of 1700 kev is considered to agree 
within experimental error with the 1800-kev level. Pre- 
liminary measurements,! which were obtained without 
the large electrostatic analyzer available for the present 
work, show an energy shift of 50 kev compared to the 
values reported here; this shift is presumably caused by 
an error in the energy calibration of the accelerator in 
the earlier work. 

As is shown in Table I, the small peak at 993 kev has 
not been observed by others, and three resonances ob- 
served in the inverse (,m) reaction were not found in 
the present measurements. Of these three, one at 800 
kev was reported to be doubtful and another one at 
1540 kev may correspond to a small variation in cross 
section at 1610 kev in Fig. 3. A resonance corresponding 
to the one in the (,a) reaction at 1415 kev was not 
observed in the B(a,m) reaction; failure to observe this 
small resonance might be expected since the spread in 
energy of the alpha-particles was about five times the 
observed level width. 

The previously reported cross sections, which were 
obtained with a fission monitor, show agreement at the 
resonances with the present measurements prior to 
correction for wall effect except for the narrow 499-kev 
resonance. For this resonance the previously reported 
cross section was about 25 percent low, presumably 
because the neutron energy spread was comparable with 
the resonance width. The increased cross section re- 
ported here for this level does not remove the discrep- 
ancy mentioned in the introduction concerning the com- 
parison with the inverse (p,m) reaction on the basis of 
the principle of detailed balance. Since the neutron 
energy spread used here was about half the width of the 
level, the observed cross section should be nearly the 
true value, whereas a value at least four times as large 
is required to secure agreement with the cross section 
reported for the inverse reaction. Part of this dis- 
crepancy might be resolved if the C(p,m) reaction has 
a relatively high yield of neutrons in the forward direc- 
tion in the center of mass system since the cross section 
for the C(p,2) reaction was found by counting neutrons 
in the forward direction and assuming an isotropic 
center of mass distribution. 

An exact comparison of the N(,a) and B(a,n) cross 
sections on the principle of detailed balancing was not 


1% R. L. Walker, Phys. Rev. 76, 244 (1949). 
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possible since the energy resolution used in the two 
experiments was quite different. A check was obtained 
by assuming that the 1800-kev resonance may be fairly 
well represented as a Gaussian curve having the width 
of the observed peak and by assuming that the energy 
spectrum of the a-particles used by Walker was a 
Gaussian distribution with a 400-kev width. Using 
these approximations and using the principle of de- 
tailed balancing (which indicates o,, .=1.8¢«,» for this 
level), one finds the experimentally observed B(a,n) 
cross section at resonance should be 28 millibarns in 
order to be consistent with the present measurements. 
This value for the cross section is in agreement with the 
curves reported by Walker. 

The energy of the excited state in Be’ was found from 
the proton bombarding energies at a resonance and at 
the second appearance of the resonance caused by the 
low energy neutron group. Systematic errors in this 
measurement, such as might be introduced by the 
finite target thickness or improper alignment of the 
chamber, have little effect since the calculation depends 
mostly on the difference in proton energies. Energy 
values obtained from the 499- and 640-kev resonances 
differ by 2 kev and average 4315 kev for the excited 
state in Be’. A determination using the 1415-kev reso- 
nance was less accurate, but the results are consistent 
within experimental error. Comparison with other work 
is given in the second column of Table II. 

The intensity of the second neutron group relative 
to the main group was found from the ratio of the ap- 


parent cross section to the actual cross section at each 


resonance. In Table II the resulting intensities are 
shown with the corresponding proton energies and 
angles of observation for the present as well as other 
experiments. 

Neutrons resulting from other Be’ levels at 205 and 
745 kev have been reported to be present to 58.5 and 
32 percent of the main group when 5-Mev protons were 
used.* The present measurements give an upper limit 
for the intensity of the first one of these groups for the 
proton energies used here. In the regions of low (n,p) 
cross section, bias settings were low enough to detect 
neutrons of energies corresponding to preceding reso- 
nances so that any other neutron group could be 
detected just as the group already discussed. From such 
measurements the upper limit for the intensity of other 
groups corresponding to excited states in Be’ between 
100 and 680 kev was determined to be two percent of 
the major neutron group for proton energies from 2.53 
to 3.03 Mev and three percent for proton energies from 
3.3 to 3.91 Mev. For excited states between 810 to 1100 
kev, a limit of five percent was determined for proton 
energies from 3.3 to 3.48 Mev. Measurements were not 
possible for the intermediate range of excited states 
between 680 and 810 kev because of the presence of the 
1.4 Mev resonance for the main group of neutrons. 

The nitrogen cross sections shown in the lower part 
of Fig. 3 have been corrected for the effect of the second 
neutron group on the monitor count using the three 
observed intensities reported in Table II. No correction 
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Fic. 3. In the lower part of the figure the N(n,p) and N(n,a) cross sections are plotted against the energy of the major 
group of Li(p,m) neutrons. On all curves triangles are used for photographic data, which were obtained by photographing 
the pulses presented on a cathode ray —— The apparent cross section resulting from the low energy neutron group 

y 


is plotted in the upper part of the figure directly at 
actual neutron energies causing resonances are indicated. 


above the energy of the major group at which data were taken, and the 


“J. C. Grosskreutz and K. B. Mather, Phys. Rev. 77, 580 (1950). 
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TABLE I. Positions of (m,p) and (m,«) resonances®* in nitrogen ex- 
pressed in terms of neutron energies in kev. 








Shoupp, et al.> * ‘L. Walkere 


A. Stebler and 





n,p)° calcu- : n,a)° calcu- 
sm 27 from This paper P, Huberd lated from 
CH(p,n)N4 = (n,p) (n,a) (n,?) (n,a) B'(a,n)N¥ 
470 +20 499+5 480 +50 
630 +20 640+7 640 +40 
(800 +50) 
(993 +12) 
1380 +20 1415+15 1415+50 1410+°90 1410+90 
1540+50 
1800 +15 17704110 1770+110 1700 
1980 +50 








® Resonances observed weakly in this work or reported as doubtful by 
others are indicated by parentheses. 

b See reference 2. 

¢ Q-values used for the conversion to neutron energies were OQnp =625 kev 
and Qrna = —260 kev. 

4 See reference 9. 

e See reference 13. 


TaBLE II. Energy of excited state in Be’ and intensity of neutrons 
arising from this state in the Li(p,m) reaction. 











Intensity 
in % 
relative 
Excited Proton Angle of to main 
Refer- state energy obser- neutron 
ence (kev) Reaction (Mev) vation group 
This 
paper 43145 _Li(,n) 2.75 30° 941.5 
2.89 30° 10.5+1 
3.66 30° 12+1 
a 470470 = Li(p,n) 5.0 20° and 90° 52.5 
b = 435415 —Li(p,n) 3.31 oe 17410 
3.91 0° 9+4 
3.91 60° 16+6 
° 428+20  Li(p,n) 3.12 0° 8-2 
2.70 0° 842 
d 428+15 Li(p,n) 3.49 0° 11+3 
e 434+5 B(p,a) 
f 429+5 Be™*—Be’+-y 








® See reference 14. 

b See reference 4. 

¢ B. Hammermesh and V. Hummel, Phys. Rev. 78, 73 (1950). 

4 Freier, Rosen, and Stratton, Phys. Rev. 79, 239 (1950). 

e Brown, Chao, Fowler, and Lauritsen, Phys. Rev. 78, 88 (1950). 
f See reference 7. 


was applied below 900 kev, and above this energy the 
intensity was assumed to vary smoothly. 


IV. DISCUSSION 


A nuclear reaction may be described as a transition 
occurring through an intermediate compound nucleus. 
In the present experiment the neutron combines with 
the N™ nucleus to form an excited state of N™ ‘which 
subsequently disintegrates with the emission of a 
proton, an a-particle, or a neutron. Inelastic scattering 
is assumed not to occur with the neutron energies used 
here because the lowest known excited state in N“ 
is 2.3 Mev above the ground state.!® Radiative capture 
will be neglected since radiation widths are usually of 
the order of 10~* times the neutron widths for light 
nuclei.!¢ | 

When the incident neutron has an energy corre- 


15 Lauritsen, Hornyak, Morrison, and Fowler, Rev. Mod. Phys. 
22, 291 (1950). 
16 E, P, Wigner, Am. J. Phys. 17, 99 (1949). 


sponding to an energy level in N", a resonance is 
expected in the cross section for each reaction. Isolated 
resonances in the (,p) and (n,a) cross sections can be 
described by the single-level Breit-Wigner formula, 
which becomes at resonance: 


2J+1 47 r.(l,+ rt 
6 # (Cetlp+Te)? 





(1) 


Ong t ona 


where J is the spin of the compound nucleus; & is the 
neutron wave number; and I, I',, and I. are the 
neutron, proton, and a-particle widths. A particle- 
width, which is a measure of the probability for the 
emission of the particle from the compound nucleus, 
may be resolved into various contributing factors 
according to the relation ;!¢ 


r,= 2ye"ksT is, (2) 


where s refers to the particle considered; & is its wave 
number; 7; is the Coulomb and centrifugal barrier 
penetration factor for a particle with orbital angular 
momentum /; and 7,’ is called the reduced width. For 
a given nucleus reduced widths are not expected to 
differ greatly for the various particles and for levels 
having a given spacing ; however, the effect of the wave 
number and penetration factor may be such that I, 
differs appreciably between particles and between 
levels. This effect will cause variations in the heights 
and widths of resonances. A resonance observed in one 
process may not even be observable in another. 

Any discussion of possible quantum numbers asso- 
ciated with the (”,p) and (n,a) resonances must be 
consistent with the neutron scattering cross section. 
For a given (”,p) and (n,a) cross section at resonance, 
Eq. (1) yields two solutions for the ratio of I, to 
I',+TIa, of which one solution is the reciprocal of the 
other. If the neutron width is the larger, a resonance in 
total cross section should be observable and the value 
of J may be established. If the neutron width is the 
smaller, the total cross section should be approximately 
the reaction cross section and thus a resonance may not 
be observable in a transmission experiment. 

At the present time measurements of the total cross 
section are of a preliminary nature and extend only to 
900 kev.* These measurements indicate no resonance at 
499 kev, whereas, if I',>TI',, the magnitude of the (n,) 
cross section leads one to expect a resonance of at least 
1.7 barns. It is concluded, therefore, that [,<I, for 
the 499-kev resonance. A resonance in the total cross 
section corresponding to the one at 640 kev in the (,p) 
reaction was observed which has a maximum at 660 kev 
preceded by a minimum at 620 kev. The presence of a 
minimum indicates that the resonance is produced by 
s-neutrons. The difference in cross section observed 
between the minimum and maximum was about 1 barn. 
According to the Breit-Wigner formula using values of 
I',/I', obtained from the observed height of the (,p) 
resonance, this difference should be 1.3 barns for J=} 
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and 2.9 barns for J=%. Thus, these preliminary scat- 
tering measurements are consistent only with J=} for 
the 640-kev level. 

An attempt was made to fit the observed resonance 
cross sections using the Breit-Wigner theory with 
reasonable reduced widths. In particular, it appeared 
to be of interest to try to account for the fact that at 
499 kev no resonance scattering of neutrons was ob- 
served, and at 1800 kev no resonance in the proton 
emission was found. For these calculations reasonable 
limits for the reduced widths were taken to be in the 
range between 0.05 and 5X10—" Mev-cm. Values thus 
far observed'*"’ for neutrons and protons lie well within 
these limits for nuclei with atomic number and level 
spacing comparable to that of N'. It must be em- 
phasized, however, that no strict limits can be assigned 
except that a reduced width cannot exceed 3h?/2ma, 
where m is the mass of the particle and a is the radius 
of the compound nucleus.!¢ : 

In the consideration of each resonance, particle 
widths were found from Eq. (1) for each possible value 
of J using the observed total width and the cross section 
at resonance, and reduced widths were found from Eq. 
(2) for /-values appropriate to each J. For a given J 
both the lowest possible even /-value and the lowest 
possible odd /-value are considered in order to include 
states of both parities; contributions to the cross section 
from higher /-values are negligible because of the higher 
centrifugal barrier. Nuclear spins of N“, C, and B" 
are 1, 0, and 3, respectively, so that /-values considered 
are J—3 and J—} for the neutron and a-particle (ex- 
cepting J =}) and J+} for the proton. Thus, except for 
J=4, the proton must have /-values equal to or larger 
than those of the neutron and a-particle. Penetration 
factors used in the calculation may be found explicitly 
for neutrons!* and have been calculated for protons by 
Christy and Latter.!® The factor for the a-particles was 
obtained by the WKB method using as the radius of 
nuclear interaction a value (5.3510-" cm) which is 
consistent with that assumed by Christy and Latter to 
obtain the proton penetration factor. 


17 C, K. Bockelman, (to be published). 
18 Feshbach, Peaslee, and Weisskopf, Phys. Rev. 71, 145 (1947). 
19.R. F. Christy and R. Latter, Rev. Mod. Phys. 20, 185 (1948). 


TABLE III. Examples of quantum numbers for which reasonable 
reduced widths are found for the observed resonances in nitrogen. 














Ta Reduced widths 
Energy Quantum numbers (in 10-1 Mev-cm) 
(kev) Tpt+Ta J lp In le yr? yn? Ye" 
499 <1 1/20 1 0.2 0.03 
<1 $/2.2.2 6.9 0.3 
640 >1 1/2 0 0 0.055 0.15 
>1 1/2 1 0 0.17 0.15 
993 <1 Sa 2.2 4.8 0.052 
>1 $/2 3 1 0.4 0.55 
1415 <1 3/2 11 0 0.43 0.1 1.2 
>1 3/2 11 0 0.1 0.4 0.28 
1800 <1 $/2 3 2 1 0.8 0.16 1.9 
>t $/2.3 1:1 0.08 0.25 0.18 
>I S32 3 1 2 0.08 0.25 1.0 








Examples are given in Table III indicating that com- 
binations of quantum numbers can be found which give 
fairly reasonable reduced widths for all resonances. No 
definite assignment of quantum numbers is possible 
from this analysis except perhaps for the 640-kev level. 
Both. s- and p-protons are considered for this level in 
order to allow for both parities of C* and N™. For the 
resonances beyond the region where the total cross 
section has been measured, examples are given for both 
large and small [',/([!p,+T.). While no peak in the 
(n,p) cross section is shown at 1800 kev in Fig. 3, a 
cross section of 5 millibarns (as used for computations 
in Table ITI) is consistent with the observations. Table 
III indicates that the measurements beyond 900 kev 
may be fitted whether a resonance in scattering is ob- 
servable or not. 

It is of interest that the resonance shown in Fig. 3 at 
640 kev does not have the symmetric character pre- 
dicted by the single-level Breit-Wigner formula. The 
asymmetry cannot be explained as caused by a variation 
in wave number and barrier factors since these varia- 
tions are very small. Such an asymmetry may be caused 
by an interference with an adjacent level, but the exact 
reason for it is not understood. _ 

One of us (CHJ) wishes to express his gratitude to 
the Kimberly Clark Paper Company for the grant of a 
fellowship. 
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In order to explore the possibility that information concerning nucleon structure could be obtained from 
the scattering of photons of energy near meson production threshold, the cross section for the process has 
been calculated on the basis of the symmetrical scalar and pseudoscalar meson theories. The calculation was 
carried out in the non-relativistic, weak coupling approximation, neglecting nucleon recoil effects. No 
divergence difficulties were encountered. In the scalar theory, the proton total cross section is somewhat less 
than the Thompson cross section (a9) as a consequence of intefrerence between the scattering by the nucleon 
and that by the meson cloud. In pseudoscalar theory the total cross section varies strongly with energy 
showing a resonance scattering effect with a peak value as high as 15 oo. The angular distribution in the 
scalar theory is very similar to that given by the Klein-Nishina formula: ($)(1+-cos*@). The pseudoscalar 
theory gives a quite asymmetric distribution, the form of asymmetry depending strongly on energy. The 
results may be taken as a strong indication that observation of the process could yield, in a sensitive way, 


information concerning the structure of the proton. 





I. INTRODUCTION 


N this period of great uncertainty concerning the 

nature of nucleons, it is to be hoped that new ex- 
periments will shed some light on the structure of the 
particles. The available empirical facts concerning their 
structure, aside from the indirect information provided 
by nuclear interactions, have to do with their static 
electromagnetic properties as described by magnetic 
moments and by the neutron-electron interaction.! The 
source of the anomalous electromagnetic properties of 
nucleons is generally presumed to be the relatively 
strong interaction of the nucleons with a charged meson 
field and the consequent existence of a charge cloud of 
virtual mesons about nucleons. Calculations? of the 
anomalous magnetic moments of nucleons and the neu- 
tron-electron interaction on the basis of this supposi- 
tion have led to results of the correct order of magnitude 
but not to exact quantitative agreement with experi- 
ment. These essentially static electromagnetic prop- 
erties of nucleons provide, however, only limited in- 
formation concerning the meson charge cloud because 
they are integral properties of the cloud. In principle 
investigation of the detailed structure of the charge 
cloud could proceed by observation of the scattering 
of sufficiently energetic gamma-rays by a nucleon. This 
experiment, which in its physical arrangement would 
be much like the measurement of the Compton cross 
section of the electron, is actually more closely analo- 
gous to the determination of the electronic structure 


* This work has been supported in part by the AEC and by a 
grant-in-aid to one of the authors (L.L.F.) from the Scientific 
Research Society of America. 

1 Havens, Rabi, and Rainwater, Phys. Rev. 72, 634 (1947); 
E. Fermi and L. Marshall, Phys. Rev. 72 1139 (1947). 

2 J. M. Luttinger, Helv. Phys. Acta 21, 483 (1948) ; M. Slotnick 
and W. Heitler, Phys. Rev. 75, 1645 (1949) ; K. M. Case, Phys. 
Rev. 76, 1 (1949); S. M. Dancoff and S. D. Drell, Phys. Rev. 76, 
205 (1949) ; S. Borowitz and W. Kohn, Phys. Rev. 76, 818 (1949). 


in an atom by the scattering of sufficiently energetic 
x-rays. It is the purpose of this paper to stimulate in- 
terest in such an experiment by indicating the character 
of the information which might be obtained. We con- 
sider the case of a measurement of the absolute cross 
section and the angular distribution for the scattering 
by protons of gamma-rays up to energies of the order 
of 300 Mev; i.e., up to energies twice the threshold 
energy for meson production. 

Even if a proton did not interact with mesons it 
would be expected to scatter gamma-rays through the 
usual Compton effect. On the basis of the Klein- 
Nishina formula the total cross section would be esti- 
mated at about 10~*! cm*. If the anomalous magnetic 
moment of the proton is not a result of its interaction 
with mesons, but is properly described in the manner 
proposed by Pauli® then an additional contribution to 
the scattering cross section would result. Treatments of 
this problem have been given by Corben, Batdorf and 
Thomas, and Powell.* The last of these has found that 
for 100-Mev gamma-rays this effect leads to approxi- 
mately a 25 percent increase in the scattering cross 
section of protons over that predicted by the Klein- 
Nishina formula. 

The more usual approach to the anomalous magnetic 
moment of the proton attributes it to currents flowing 
in the charge cloud of virtual mesons about the proton. 
However, such a charge cloud is not rigidly attached to 
the nucleon which is its source and is therefore elec- 
trically and magnetically polarizable. For electromag- 
netic radiation of wave-length long compared with the 
dimensions of the charge cloud one would therefore ex- 
pect additional contributions to the scattering cross 


3 W. Pauli, Rev. Mod. Phys. 13, 203 (1941). 
4S. B. Batdorf and R. Thomas, Phys. Rev. 59, 621 (1941); 
J; L. Powell, Phys. Rev. 75, 32 (1949); J. L. Powell, Phys. Rev. 
4, 1258 (1948). 
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section arising from the polarization of the charge cloud 
in exact analogy to Rayleigh scattering of light. As the 
wave-length of the gamma-rays decreased to where it 
was comparable with the dimensions of the charge 


. Cloud, that is, near the threshold for meson production, 


retardation effects would become important and the 
total cross section and angular distribution of the scat- 
tered radiation would begin to reflect the detailed 
structure of the meson charge cloud. The natural fre- 
quencies of the charge cloud would be expected to be in 
the neighborhood of yoc?/h, where uo is the meson mass; 
hence the polarization effects might be expected to be 
large at the corresponding energies and this would lead 
one to expect a maximum in the scattering cross section 
in the neighborhood of the threshold for meson pro- 
duction. 

A further influence on the cross section which would 
be of interest is that due to the negative energy states 
of the nucleon (if such exist). It is conventional to 
assume that nucleons are described by the Dirac equa- 
tion, in which case the negative energy states will be 
involved in processes produced by interaction with 
radiation. However, the influence of these states will 
be small at gamma-ray energies as much smaller than 
Mc?, as are those under consideration here. It would 
clearly be of interest to observe the effect at energies 
of about Mc?, but gamma-rays of such energy are not 
at present available in the required intensity. The present 
considerations are limited to the lower energy region 
for the sake of simplicity and with due regard for the 


- fact that observations will undoubtedly be made first 


at the lower energies. 

For electromagnetic waves of length long compared 
to the dimensions of the charge cloud, the polarizability 
effects on the scattering, in analogy with Rayleigh scat- 
tering, would be expected to yield a cross section vary- 
ing as the fourth power of the gamma-ray energy E. 
Since the effect considered here is of second order in 
the electromagnetic interaction and of second order in 
the meson-nucleon coupling (g), the mesonic cross sec- 
tion for EXpoc? is expected to be of the form 


o=C(¢*/u0c*)?(g*/hc)*(E/uoc*)* 


with C a dimensionless quantity depending on the angle 
of scattering and presumably of order of magnitude 
unity. Extrapolation of this expression to the threshold 
energy E=yoc’, would indicate a cross section due to 
mesons of some ten times the Klein-Nishina value. 
Actually the quantity C is sensitive to the meson theory 
employed. Also there is interference between the scat- 
tering due to polarizability and the ordinary Compton 
effect, and a further scattering apparently associated 
with the permanent magnetic moment arising from the 
meson cloud (which gives a contribution to the cross 
section varying as E*) leading to considerable variation 
of the actual numerical magnitude of the cross section 
and of the angular distribution. These effects depend 
on the detailed assumptions made concerning the meson 


field. Some distinction between different theories is 
therefore possible on the basis of experimental results. 

Detailed calculations have been carried out for the 
symmetrical scalar and pseudoscalar meson theories. 
These theories suffer from the fact that they lead to 
divergences in higher order processes® as well as the 
usual difficulty that they do not appear to give an 
appropriate description of nuclear interactions. Further- 
more, the scalar meson theory gives rise to no anomalous 
moment while the pseudoscalar yields an anomalous 
moment of the correct order of magnitude but not 
actually in agreement with experimental values. Despite 
these limitations it would seem that the calculations 
could give some idea of the effects to be expected, but 
it must be borne in mind that the present calculations 
share the same deficiencies and uncertainties of all 
extant calculations with meson fields. 

It has not proved to be necessary to employ the 
recently developed relativistic subtraction techniques 
for the present problem. The nucleons have been treated 
non-relativistically and recoil has been neglected. The 
results are free of all divergences to the order in which 
the calculations have been made.*® 

The approximation in which the present calculations 
have been made may be precisely stated as follows: 
The transition matrix element is expanded in a series 
of the form: 





er; pw gf gt pte 
MM =—); Ay—+-A2—+-As— — 
gt ho? e 
+A¢ +As +Aeg—+::- . 
hee M? ihe 


Only the first two terms, which turn out to be of the 
same order of magnitude, are retained in this treatment. 
The first represents the ordinary Compton scattering 
by the nucleon and the second contains the lowest order 
effects of the meson field. Our approximation corre- 
sponds to a non-relativistic treatment of the nucleon 
with neglect of nuclear recoil terms together with the 
weak coupling approximation in perturbation theory; 
also the neglect of the interaction of the nucleon with 
the electromagnetic field in intermediate states in which 
a virtual meson is present. 

It will be shown that for a proton treated by the 
scalar theory the A; and Az terms are of the same 
order of magnitude but opposite in sign. The resulting 
cross section is about one-third of the Klein-Nishina 
cross section for E-~poc? and is a slowly varying func- 
tion of energy (Fig. 1). The angular distribution differs 
but little from that given by the Klein-Nishina formula, 
ie., $(1-++c0s76). 


5K. M. Case, Phys. Rev. 75, 1440 (1949). 

*It is to be noted, however, that a logarithmic diver- 
ence would be introduced if recoil terms which are of order 
(2a Re Pon/ M0), where M is the nucleon mass, were in- 
uded. 
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In the pseudoscalar theory the second term is small 
at low energies but shows a strong maximum at E= pyc’, 
the peak value being considerably larger than the A, 
term. The result is a cross section curve (Fig. 2) sug- 
gesting resonance scattering of the photon by the meson 
cloud. The angular distribution (Fig. 3) also shows a 
characteristic behavior which is very energy dependent. 

All results depend on the choice of coupling constant, 
a choice which is bound to be ambiguous in the present 
state of the theory. By an appropriate adjustment of 
coupling constant, it might be possible to bring either 
theory into agreement with a measured total cross 
section. However, a distinction on the basis of angular 
distribution should still be possible. 

We can conclude that observation of the process 
might prove to be quite informative. 


II. THE INTERACTIONS 


In the scalar theory four interaction terms contribute 
to the Hamiltonian ; the nucleon-meson interaction, the 
nucleon-photon interaction, the first order meson- 
photon interaction, and the second order meson-photon 
interaction. Considering only the charged mesons, since 
they alone contribute to the scattering of photons in 
our approximation, the following explicit forms have 
been assumed for these interactions: 


H, =g(2ahc/V)* ¥ eke r_(ay-+b_x*)exp(ik- R) 
+14(ax*+b_,)exp(—ik-R)] (1) 
Hy =(¢/Me)(2mhe/V) Eo xX rw (ono!) | 
X (u-w’)A o,vA*w,w expli(o—o’)-R] (2) 
H.=e(r/V) & wud en’ (Roko'w)—tu: (k+k’) 
X (A* wo, w+ A~ o, u) (Ge*+-b_4) (ae +b_2*) 
Xd(k’—k+o) (3) 
Aee=C(4/V) & wud. wu’ kk’ ww’ koko’)—*(u-u’) 
X (A* wut A_ wu) (A out A* wu) (Ge*+b_y) 
X (a,-+b_,*)8(k—k’+o—o’). (4) 


The pseudoscalar theory involves four analogous 
terms and a fifth expression describing the simultaneous 
interaction of nucleons, mesons, and photons. Hy, H., 
and H,. are the same as above, and the other contribu- 
tions have been taken to be:? 


H, = —ig(2rhe/V)1> e(u2ko)4*(o-k)[7_(ax 
+b_x*)exp(tk- R)+-7,.(a,*+5,)exp(—ik-R)] (1’) 


"If P is the nucleon momentum, these terms may be assumed 
to arise in order P/Mc from a pseudoscalar coupling with coupling 
constant gM /yo or in order zero from pseudovector coupling with 
constant g. In both cases the (logarithmically divergent) higher 
order recoil terms are neglected. 
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Heg=eg (2mi/uV) Dd a, ud_k(Row)*(o- 0) (A «, ut A* a, u) 
X [(r40.*—7_b,*)exp{ —i(k—)-R} 
+ (r4.d,— 7_a,)exp{i(k+ w) : R} 4 (5) 


The notation is as follows: 


g=coupling between meson and nucleon; 
V =volume of box; 
hk=meson momentum; 
u=reciprocal of Compton wave-length of meson = yoc/h; 
ko= (k?-+p?)8; 

T,, T~=isotopic spin operators ($)(71+ér2) and ($)(r1—Zr2) 
respectively, where r172=ir and r= 1 for neutron 
and proton respectively ; 

ax, @x*=annihilation and creation operators for positive 
mesons of momentum hk; 

by, 64*=annihilation and creation operators for negative 
mesons of momentum h’k; 

R=nucleon coordinate; 
M =mass of nucleon; 
h®=momentum of photon; 
u=unit polarization vector of photon; 
A », u, A* ou=annihilation and creation operators for photon with 
momentum ha, polarization u; 
@=spin operator for nucleon. 


The value of the coupling constant has been deter- 
mined on the basis of a symmetrical meson theory 
(although only the charged mesons appear here, the 
neutrals affect the value of the coupling constant) by 
setting the energy of the 1S state of the deuteron equal 
to zero. The interaction potential between neutron and 
proton in this state is given for both the scalar and 
pseudoscalar theories by 


3e¢°e""/r. 
The binding energy of the 1S state is zero if we set® 
3(g"/hc)(M/uo) = 1.683. (6) 
Ill. METHOD OF CALCULATION 


Calculation of the mesonic contribution to the matrix 
element has been carried out by two quite different, 
although equivalent, methods, a different method being 
used by each author. In the one treatment, fourth-order 
time-dependent perturbation theory was used, the in- 
teraction H, appearing in second order and the inter- 
action H, appearing in second order or the (second- 
order) interaction H.. appearing in first order. In the 
pseudoscalar theory the additional (second-order) inter- 
action H,, appears in first order along with a first- 
order contribution from H, and another from H,. The 
identification of the rather large number of transition 
schemes involved in this method has been facilitated 
by the use of diagrams similar to those introduced by 
Feynman. After all of the transition schemes and their 
corresponding energy denominators have been estab- 
lished, it is a straightforward matter to write down the 
transition amplitude.® 
; a G. Sachs and M. Goeppert-Mayer, Phys. Rev. 53, 991 
’ ® The term “transition amplitude” is used here for the quantity 


T which appears in the transition probability 24|T|*pz/hk. On 
occasion this quantity has been called the “matrix element.” ; 
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The other method, which is described in some detail 
in Appendix I, treats the problem in two steps. First 
the stationary states of the nucleon and meson field are 
described approximately by a wave functional which 
diagonalizes the Hamiltonian, including H,, to order 
g’. This set of functionals is obtained by means of 
ordinary stationary perturbation theory and it de- 
scribes the possible stationary states of a nucleon along 
with its meson proper field (nucleon-meson). The second 
step consists in the introduction of the electromagnetic 
interactions H,, H., and H.,. The transitions which 
these induce between the various states of the nucleon- 
meson are calculated by means of first and second order 
time dependent perturbation theory respectively. The 
transition amplitude is determined in the usual way 
from the matrix elements of H.., H., and H., between 
pairs of “nucleon-meson” states. The results of this 
treatment are, of course, found to be in agreement with 
those of the first method. 

The transition amplitude produced by the inter- 
action term Hy is calculated by means of the ordinary 
second-order time-dependent perturbation method. 


IV. THE TRANSITION AMPLITUDE 


The propagation vector of the incident quantum may 
be denoted by w and that of the scattered quantum by 
w’. The energies of these quanta are then hcw and hcw’ 
respectively and they are equal in the no recoil approxi- 
mation, that is w=w’. The transition amplitude in the 


_ scalar theory is found to be: 


| T= (2ahe/McwV)M, 
with 
@k 
(k—)0?(k—w’) 0? 


(u-k)(w’-k) 
| ow) — (7) 


vw 
where (k—).?= (k—)?+ pz. 
On the other hand, the pseudoscalar theory yields 
the result T,= (2nhe/M cwV)M, with 
M, = (u-u’)+ (g*/hc) (Mc/2n*hy’) 
(k—o’)- (k—o) 
@k} (u-u’) 
xf {« : (k—)02(k—’) 0? 
1 $ (u- k)(u’-k)(k—o)- (k—o’) 
ke—wl = (ko) s*(k—)¢? 
’. k)u-(k—o’ -k)u’-(k—o 
, )u- (k—o’) Bs yu’: (k + (0) 
(k—o')0? (k—@)0? 
ta) pf @-K)@’- be: (k—o')X (k—o) 
ko(ke—o) = (k—@)°(k$—")¢? 





= (u-u’)-+ (g2/he)(Mec/2a*h) f 














eae, 
(k—o! 


iobie- (k—o) Xu’ 

(k—)0? 
(u’-k)(@-uXk) 
+o-u'X ome : . 
(k—o’)o [kot (k—0')o P—o? 

1 (u-k)(@-u’Xk) 

 (k-a)o revit ar 

- (u’- k)(u- k)o- (k—’) X (k—) 
hol (k—)?— (k—o’)<?] 

















x| 1 1 
ke @)o w— [Ro+ (k— @)o? 
1 1 
I} 
(k—’) 0? w*— [ot (k—’)o P 





Here, 1 is the unit spin matrix and I1,=(M,)j;, that is, 
the matrix element of M, between the initial and final 
spin states. In this sense 


M,=911. (9) 


In both cases the first term represents the ordinary 
Thompson scattering (non-relativistic limit to the 
Klein-Nishina formula). 

It is to be noted that M, is finite while M, involves 
integrals which would seem to diverge as {dk and 
wf °dk/k. The logarithmically divergent terms all arise 
as a consequence of the interaction term H,,. Thus they 
are related to the production of mesons induced by the 
electromagnetic field. The (magnetic) polarizability of 
the meson cloud associated with these terms therefore 
depends on the frequency of the radiation so they can 
be expected to produce scattering quite different in its 
frequency dependence from Rayleigh scattering, which 
arises when the polarizability is independent of fre- 
quency. It turns out that the logarithmic divergences 
cancel and these terms lead to a cross section propor- 
tional to the square of the frequency of the gamma- 
radiation at low energies. 

The linearly divergent integrals oomnaad to the 
more usual form of interaction with the electromag- 
netic field so the corresponding polarizability of meson 
cloud is expected to be independent of frequency. Thus 
the resulting cross section should be proportional to w* 
for small w/z. Consequently the contribution of these 
integrals to M, is expected to be proportional to w. 
This implies that on expansion of the integrals in 
powers of w/y all terms of order lower than w* fdk/k? 
must cancel, which indicates that these divergences 
must drop out in any approximation, as is indeed found 
to be the case. 

Exact evaluation of all but a few of the integrals 
occurring in Eqs. (7) and (8) appears to be extremely 
difficult as a consequence of the angular dependence of 





828 


the denominators. Recourse has therefore been taken 
to term by term integration of an expansion of the 
integrand in powers of the parameter 


e= wk/ (+ y?+w") (10) 


which determines the magnitude of the angular de- 
pendence in the denominators. Note that for all k and 
w, €<1. For some of the terms in the pseudoscalar 
theory, the expansion parameter was taken to be 
4(k?+y?+w*)te/ko. This quantity is less than 1 for all 
values of k if w<v3u. The consequent limitation on the 
results is not serious since for much larger values of 
w, recoil certainly cannot be neglected. Calculations 
were carried out up to w= 2u. 

The final expression in scalar theory for a proton is 
found to second order in ¢ to be 


OM.= (u-u’) — (78u/24d,) { (u-w’)G—(2+-cosd)(u-u’) 
XLW/Ay)—F]+(v-w’)(v-u)F} (11) 


where 
G(w) = 2[1— (2u?A*/w*) + 2A A*/o4) E(w) J 
F(w)= 3[1— Q/w*)+20_‘n?/w') 

— 2A A*/w®) E(w) 


(12) 


and 


(13) 


_ (14) 
v=0/w, (15) 


The coupling constant is contained in 6B which has the 
form 


v=@'/w, cosd=(v-v’). 


B= 2¢°M/mhcuo. (16) 


According to Eq. (8) 
B=2.14. (17) 


The corresponding result for pseudoscalar theory is 


M,= (u-u')+(@ds/a)| (u-w)| Art 2-+00s0) 


x (s+ cosd ) As—cosdAs }+{(2-+c050)(a-) 


+(-u)(v/-u)](~=—coso ) 44} 


— (47Bw/p){ (o-v’Xv)(u-u’)As+(o-v' Xv) 
X[(2+cos#)(u-u’)+(v-u’)(v’-u) JA6 
+[(v-u’)o-(v—v’)Xu+(v’- ue 

-(v—v’) Xu’ JA47+-(6-uXu’)A3}. 


The coefficients A;(w) are tabulated in Appendix II. 
The results for a neutron can be obtained from these 


(18) 
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by dropping the first term in Eqs. (11) and (18) and 
changing the sign. 

Considerably simpler expressions can be obtained for 
the low energy region. Expansion in powers of w/A;, 
gives to second order: 


Ms= (u-w’) — (wBuw*/48,°) 
<[2(u-u’)(1—cos?)+ (v-u’)(v’-u)] (19) 


= (u-u’)1+ 38{ (tuw/d,?)(o-u Xu’) — (ww*/16pA,) 
<[(a-u’)(10-+cos?)—(v-u’)(v’-u) J}. (20) 


In both cases the quadratic term can be ascribed to the 
frequency independent polarizability of the proton. 
However, the spin-dependent, linear term in Eq. (20) 
can only be similarly described in terms of a magnetic 
polarizability which is inversely proportional to fre- 
quency.’ This term arises directly from the inter- 
action H,, given by Eq. (5) by means of which the elec- 
tromagnetic field induces the emission of mesons. It is 
not surprising that the corresponding polarizability is 
frequency dependent. 


V. THE CROSS SECTION 


The relationship between the differential cross sec- 
tion and the transition amplitude is: 


do=(V/2m)*(w/he)?| T «;| dQ. (21) 


Setting T=(2rke?/McwV)M, the introduction of the 
Thomson cross section 


oo= (8x/3)(e/Mc*)?= 1.93 10! cm? (22) 


yields the following expression for the differential cross 
section : 
do = (3/8) o0|M.z|*do. (23) 


This cross section describes a process for which both the 
initial and final states of proton spin and photon po- 
larization are specified. The quantity of greater interest 
is the sum over these final states and average over the 
initial states. Denoting this summing and averaging 
process by a bar, Eq. (23) becomes 


da= (3/8m)o0(| Miz|?)nd@. (24) 


If the expression Eq. (11) [also see Eq. (19) ] for M, 
is introduced into Eq. (24) the differential cross section 
for a proton (scalar theory) is found to be 
(82/300)de./dQ=4[(1—u+w cosd)*+ 0? ] 

+4{[1—u—(20—w)cosd? ?—30?}cos*#, (25) 
where 
u= (wBu/24d,)(G+ 2F—2w*/r,?) 
v= (7Bu/24r,)F 
w= mByu?/ 24d, 


and Fw), Gw) are given by Eq. (12). 


(26) 


10 Although a permanent magnetic moment would lead to such 
a term linear in the frequency, the dependence on polarization 
and direction of "propagation is quite different from that given by 
the linear term in Eq. (20). 











The corresponding expression for the pseudoscalar 
theory is so complicated that most of the relevant ma- 
terial has been relegated to Appendix II in the form of 
coefficients B,, Cn, and D,: 


84 déy Ay 4 
— — =}(1+cos*#)+26— > B, cos*d 
3e9 dQ pe n=0 
2 6 w 6 
+B— > C,, cos*#+166— > D, cos". (27) 
we n=0 we n=0 


The first term contains the nucleon scattering, the 
second is the interference term between meson and 
nucleon scattering, the third is the corresponding meson 
scattering and the fourth is due to the magnetic polariz- 
ability effect mentioned in Section IV. There is no in- 
terference term corresponding to this last contribution. 

The proton total cross sections obtained from these 
expressions are: 


6./oo= (1—u)?+ § (30?—30w+ 2u”) (28) 
for the scalar theory and, for the pseudoscalar theory, 


% \? AB? in 
clei ( +B) +B*C+168-D (29) 
rm bi rr 


where the functions Bw), CW), D@) are given in 
Appendix IT. 
The low energy cross sections can be obtained from 


_ the approximate expressions for 9%, and M, given by 


Eqs. (19) and (20): 


8x dé, mB w mB w 
——= (:-==) -$(1+cos*?)+—— cos? (30) 
300 dO 12,2 24 d,2 
8x dé, mB w* 
— — =3(1+cos’#) -— —(5+cosd?+5 cos?) 
3a0 dQ 24 MAY 


2 


5 encima ten 
18 p? 


to order w?/d,”. In the scalar theory the terms in w 
are both interference terms but in the pseudoscalar 
theory the second-order term in f is produced directly 
by the magnetic polarizability. 

Corresponding low energy total cross sections are 


&,/oo=1—(mBw*/12X,?) (32) 
& p/oo= 1— (SmBw?/12yr,)+ (26?w*/9u?). (33) 


All results have been given for the proton. The neu- 
tron cross section can be obtained from Eq. (25), (27), 
(28), (29), (30), (31), (32), and (33) by dropping the 
terms independent of 8 and linear in f. 

Numerical results are given for 8=2.14 Eq. (16) in 
Figs. 1, 2, and 3. Figure 1 shows the total cross section 
for a proton as a function of energy according to the 
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scalar theory. In addition this figure includes the re- 
sults of Powell’ for a phenomenological theory by 
which the anomalous magnetic moment of the proton 
is treated as a Pauli moment. The decrease in cross 
section in scalar theory results from the interference 
between the direct scattering from the proton and the 
meson scattering. The choice 8= 2.14 happens to result 
in almost equal amplitudes of meson and proton scat- 
tering. It should be remarked that by doubling the 
coupling constant, g, an entirely different behavior of 
the cross section would be expected since the meson 
effects are of order g*. In this case the curve would be 
expected to show a marked resonance behavior in the 
neighborhood of w=y. 

The total cross section for proton and neutron ac- 
cording to pseudoscalar theory is shown in Fig. 2. Here, 
with the same choice of 8, the meson effects are in order 
of magnitude larger than the nucleon scattering. The 
shape of the curve suggests that the phenomenon be 
interpreted as resonance scattering of the photon from 
the meson cloud. Ahead of the resonance the proton 
curve shows a slight dip resulting from interference 
between meson and nucleon scattering. The neutron 
curve is, of course, free of this effect. Extrapolation of 
Eq. (28) to high energy leads to a cross section increas- 
ing as w*/u?. This results in the appearance of a dip at 
the high energy side of the resonance. In this case, 
halving g would result in a slowly varying cross section 
differing but little from the scalar curve given in Fig. 1. 

The angular distribution of the scattering by a nu- 
cleon at low energies has the form $(1-+-cos?0). Powell 
has shown that in the phenomenological treatment of 
the nucleon magnetic moment no appreciable deviation 
from this form is-to be expected at the low energies 
considered here. The angular distribution in scalar 
theory, as given by Eq. (24) with 6=2.14 does not 
differ significantly from this form either. 

On the other hand, in pseudoscalar theory, the spe- 
cific meson effects are large and they lead to consider- 
ably different angular distribution. The “electric po- 
larizability” term, given by the C, in Eq. (26) leads to 
strong forward scattering while the magnetic polariza- 
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Fic. 1. Total cross section for the scattering of oy 
by protons according to the scalar theory (solid curve) and the 
phenomenological theory (dashed curve). The parameter w/y is 
the photon energy in units of the meson mass and oo=8/3 
X (e/Me*)*. 








bility associated with the D, yields strong scattering at 
90° superimposed on a large spherical term. The electric 
terms interfere strongly with the nucleon scattering, 
which has the standard form $(1-++cos?@). The final re- 
sult is an angular distribution which is very sensitive 
to energy as shown in Fig. 3. 


VI. CONCLUSION 


The results of these calculations must be interpreted 
in terms of the exploratory spirit from which they 
originated. In view of the presently available slight 
knowledge of the structure of nucleons, two possible 
theories have been investigated in some detail to deter- 
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Fic. 2. Total cross section for the scattering of photons by 
protons and neutrons according to pseudoscalar theory. 


mine the degree of sensitivity of the photon scattering 
cross section to the choice of theories. The results in- 
dicate that, at least in the particular cases considered, 
the cross section is very sensitive indeed. Both the 
energy dependence and the angular distribution de- 
pend distinctly on the nature of the meson theory if 
the present choice of coupling constant has any mean- 
ing. A considerable reduction of coupling constant 
would, of course, wash out these effects. On the other 
hand, an appreciable increase of coupling constant in 
scalar theory would eliminate the marked difference 
of the total cross section curve from pseudoscalar 
theory. However, a distinction between the angular 
distribution curves would still exist because the mag- 
natic polarizability effect is peculiar to the pseudoscalar 
theory. 

Although it is not unlikely that the results of experi- 
ments would not agree with either of the theories in- 
vestigated, one can conclude that the measurement of 
the total cross section and angular distribution at the 
energies considered here might lead to interesting in- 
formation concerning nucleon structure. 


APPENDIX I 
The Method of Approximate Stationary States 


The method to be described consists of the determination of the 
wave function of nucleon plus meson field to second order in g* 
followed by the use of this wave function to determine the rate of 
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transition induced by the electromagnetic field. The zero order 


wave functions are ¥,°(K; , n’, --+;», »’, --+) describing a state 
of a system consisting of one free.nucleon with isotopic spin 7, , 


n', +++ free positive mesons of momentum hk, hk’,--- and 
v,v’, +++ free negative mesons of momentum hk, hk’, ---. The 
total momentum of the system is AK. The convention for r is 
r=+1 corresponds to a neutron, r= —1 to proton. 


The interaction H, is introduced as a perturbation and the cor- 
responding approximate stationary wave function is a linear 
combination of the ¥°. This combination can easily be expressed 
in operational form as a consequence of the linear dependence of 
H, on meson creation and annihilation operators. We can write 


H,=2i(Ha*(k) +H (k)+Ho*(k)+He(k) J 


in which H,*(k) is a creation operator and H,~(k) an annihilation 
operator for positive mesons of momentum #k and the H,*(k) 
are corresponding operators for the negatives. 

The energy values in zero order may be written E(K; n,n’, 
-++3v,v’, +--+). If this expression is abbreviated by merely dis- 
playing those values of m and v which are of interest, (i.e., show a 
change during the transition) the wave function to second order 
is given by 








Vil K; m1, me, +++ 5 v1, v2, ***) 
a Hs*(k) Ha~(k) 
={142 a ») —E(K, »-+1) * E(K, n) —E(K, »—1) 
45 | 1 Ay-(k)H.-(k’) 
*'| R(K, n’)—E(K, n’—1) E(K, n’, v)—E(K, n’—1, v—1) 


; Hat(k)Ha“(k’) 
+(1-— waa —E(K,n'’—1) E(K,n,n’) —E(K,n+1,n’—1) 











1 Ay-(k’)He*(k) 
TK, v) —E(K, v+1) E(K, »v, »’) —E(K, v+1, v’—1) 
P; 1 Ha*(k)Ho*(k’) }} 
" E(K, »’)—E(K, »’+1) E(K, n, v’) —E(K, n+1, v’+1) 


X¥i(K, mi, mer ++ 5 v1, v2, °+*), (Al) 


when the nucleon under consideration is a neutron. For a proton 
¥° is replaced by y_:° and the a, b labels as well as the indices 
m,v appearing in the brackets are interchanged. Although the 
labels 7, ;, vj no longer have a clear-cut meaning, it is convenient 
to label the wave function y with the same numbers that appear 
in the y° to which it is equivalent in the zero order. Note that the 
function given by Eq. (A1) is not normalized. Renormalization 
would introduce a factor containing g* which does not affect the 
calculations concerning the scattering of radiation by mesons to 
order g* but introduces a correction to the scattering by the nu- 


cleon. However, this correction term is of order (g*/hc)(u0/M), . 


i.e., of the order of recoil corrections to the meson scattering and 
such terms are neglected. 

The particular functions of interest are those corresponding to 
initial and final states of a nucleon and those intermediate states 
which can contribute in order g* to transitions from the initial to 
the final state under the influence of the electromagnetic radia- 
tion. The initial and final states and one of the intermediate 
states are of the type ¥-(K; 0, 0, ---) ie., they arise from states 
¥,° with no mesons present. The four other possible intermediate 
states have one meson, two mesons, up to four mesons present in 
zero ord: Since only a small number of mesons is involved, it is 
convenient to label the functions with the values of k, rather than 
the numbers and ». Then the five possible intermediate states 
are described by 


(a) ¥-(K), 

(8) ¥-,(K, k), meson of sign (—7), 

(vy) w(K, ki, ke), one positive, one negative meson, 

(6) ¥--(K, ki, ke, ks), one positive, one negative, one of sign (—7), 
(e) ¥r(K, ki, ke, ks, ky), two positive, two negative mesons. 


These functions can now be obtained from Eq. (A1). Terms have 
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been included only if they contribute to the transition in order g* 
or lower order. For this reason the (e) state has been dropped. 
On introducing the electromagnetic field the initial state in- 
cludes the incident photon (@, u) and the final state the scattered 
photon (w’, u’). There are eight intermediate states: a, 8, y, 6 
with no photon present and a’, 6’, y’, 5’ with both photons present. 
The matrix elements of the interaction H=Hy+H,+H. 
+4H.,(H.,=0 for scalar theory) may be easily calculated from 
H ui= Wu, Ay) (A2) 
with p=a, B. y, 5, a’, B’, y’, 8’ and i denoting the initial state of 
type a having total momentum #Kp (equal to the initial nucleon 
momentum) and including the photon (@, u). Matrix elements 
Ey, may be similarly calculated. The momentum of the nucleon 
in the final state is fixed by the Compton condition. Only four of 
the sixteen matrix elements need be calculated directly sincé Hy; 
can be obtained from Hy; by substituting (—q@’, u’) for (, u). 
Also Hyy*=Hyz which can easily be obtained from H,; by inter- 
changing (’, u’) and (@, u) and substituting Ko’ for Ko. 
In terms of these matrix elements, the transition amplitude is 
given by the sum over all intermediate states of the expression 
Ty =AyyH yi/Dy, (A3) 
where D, is the appropriate energy denominator. Since mo- 
mentum is conserved in the transition to the intermediate state 
we have 
K= Ko+o = Ky’+a’ (A4) 
or 
K=K)—o’= Ky’—@ (A5) 


for the states a, 8, y, 6 or the states a’, p’, y’, 5’ respectively. 

Equations (7) and (8) are obtained when recoil is neglected, 
that is, when the contribution to the D, of the nucleon kinetic 
energy is ignored. 


APPENDIX II 
(1) The Coefficients in Eq. (18) 


We define the auxiliary functions 
F(w) = (A,/)In[A4+)/u] 
seo {i (w/A_)arctan(w/A_), w<u 
(to/rA_)In[(w—D_)/u], w>p 
h(w) = (u/w)arctan(w/p) 


Be={9, oS 


where A= (w?=tw*)!. Then if x=p?/w* 
A, = —(r/6)[(4+433%+2°) (w?/A,2) —(2+2*) (A_/A,)E] 
A= (4/24) (w*/r,?) 
As=7/6[2—x+ (A_3/Ayw*) E] 
Ag=1/30[(1+$4— 222+ 24) (w?/d42) — A5/Ayot) E] 
As=(1/60)[(1+%+52*) — (2—6x-+ 72?) f— (34-2) (A_*/w!)g 

+5 In(Qa,/u)—Sxh] 
Ag=(1/60)[(3+-37"%—Sx*) + (1—2x+42?+ 624) (w*/r,?)f 

+ (A_8/o8)g] 

Az=(1/60)[4 (37+) + A$/w*)g+ (1— 45x) In, /u) — (45-2) xh] 


Ag=(1/60)[(9+ 3140+ 10x*) —3(4+8x—2*)f+ (9+20x)In(A,/x) 
—(3-+142—222) (X_2/oo%)g— 1142). 


(2) The Coefficients B,, C,, D, and B, C, D 
in Eqs. (27) and (28) 
We set y=d,2/c? 


Bo=4A1t+5SA2tyAs Bs=($5+y)A2—$Ast+(y—1) Aa 


Bi=(§5+y")A2—4As—Ag = B= hy —- Ag. 


B.=4Ait+(S5+$y)AstyAa 


Co= $A 12+10A 1A24+2yA1A44+50A2+20yA2A+- 45 yA? 
Ci= (5+2y)A 142—AA3—2A3A at5(5+4y) A? — 10A2A3 
—16A2A4—2yA3Au—y(y+5)A2 
C2=4A 2+ (10+y)A1A2+2yA1Agt+5S(§25+2y A? 
—(S+2y)A 2A st20yA2Agt$AP+2AsActi(y+4yt+) A? 
Cs=(S+2y)A1A2—A1Ast+2(y—1AiAct25(i+y)A? 
—(10-+-y)A 2A s+-4(Sy—4)A2A4—2yA sAutyBy—1)A? 
Cu=y1A1A2—2A Ac t5S(954+2y )AP—(S+2y Ards 
+2(Sy—8)A2Ag+4A2—(y—2)AsAct(2¥—6y—1)A? 
Cs=SyA?—y1A2A 3—842Ag+Asdy—4yA? 
C.= 4A 2. 
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ANGLE OF PHOTON SCATTERING 

Fic. 3. Relative angular distribution of the scattering of pho- 
tons by protons in pseudoscalar theory at various photon energies. 
The cross section units are the values of total cross section shown 
in Fig. 2. Note that at all energies considered the angular dis- 
tribution according to either the scalar meson or phenomenological 
a would be substantially the same as that given above for 
w/p=0. 


Several contributions to the coefficients C, have been dropped 
since they proved to be negligible over the entire energy range 
considered. 

Do=4A8+2A sAot+$5A@—2A6A1—AcAst+2AP?—2A7Ast+33A? 
D,=2A5A7+As5As+4A6d71+246ds—4A7+2A7As 

D2.= —2A5A7—2A@+2A6A1+-3A6Ast+2A7As—4A? 
Ds=2AsAs—2A5A1—AsAst+4Ae—6A6A7—2A6As+4A7—2A7As 
Dy= —4AP—2AsAG+2AsA71+43Ae—2AGAs—2A? 

Ds= —2A5A¢—4A@+2A6A7 

De= —2A & 

B=A,+2(5+4y)A2t(2y—3/10) Aa 


cat t5+2y41— Ar 2-B) AVP 
17 15. 23 
+75 (A2— 24a ie” ~35 Ae} 


p=1{34 PHD Ae DAA DA &—10A6A7 
—3A¢As+12A7—10A rAvt104e}- 


A very small contribution to the last term and one to the next- 
to-last term in C has been dropped. 
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The penetrating showers generated in carbon by the cosmic radiation have been investigated by means 
of a cloud chamber containing both carbon and lead plates which was operated at an elevation of 12,000 ft. 
It is shown that the penetrating showers generated in carbon are closely the same in angular distribution 
and in average multiplicity of penetrating particles as the penetrating showers produced in lead, comparison 
values in lead being obtained from previous work with the same cloud chamber containing only lead plates. 
Penetrating showers produced in the carbon plates were followed not infrequently by production of second- 
ary penetrating showers farther down in the carbon; the initiating particles of the subsequent showers are 
very closely aligned with the direction of the primary particles of the parent penetrating shower. The 
mean free path of the lightly ionizing secondary particles of the penetrating showers for subsequent pro- 
duction of nuclear events was found to be 2374-29 g/cm? carbon. The mean free path of the penetrating 
particles for large-angle scattering in the carbon is about four times this value. The electronic cascades 
produced at the same time as the penetrating component are satisfactorily explained in order of magnitude 
by assuming that they are produced by high energy gamma-rays which originate at the event or which 
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may be derived from the fast decay of neutral mesons very near the original event. 





I. INTRODUCTION 


URING the summer of 1949 at an elevation of 
12,000 ft. above sea level in the White Mountains, 
California, cloud-chamber pictures were obtained of 
penetrating showers produced in carbon. Except for 
recent experiments, cloud chambers have usually been 
operated with plates of lead or other dense material. 
The present experiment was undertaken to obtain 
information about the production of penetrating 
showers and the behavior of their secondaries in carbon. 
A particular aspect of the showers that was to be 
investigated was the manner in which the electronic 
cascades, which have frequently been observed to 
accompany the production of penetrating particles in 
lead, arise. 


Il. APPARATUS 


The entire apparatus was set up inside of a trailer 
which has a roof of }-in. plywood protected by 7,-in. 
steel. The cloud chamber, which is shown schematically 
in Fig. 1, had an illuminated region of 18X21X5 in. 
that was photographed stereoscopically. In this region 
were ten 1-in. graphite plates (density 1.68 g/cm’, so 
that one graphite plate is equivalent to 0.082 radiation 
length) above four }-in. lead plates with a spacing of 
3 in. between the plates. The chamber was filled with 
argon gas and was saturated with alcohol vapor. There 
were four G-M tubes, 1-in. in diameter and 16 in. long, 
connected in parallel above the cloud chamber, and six 
similar G-M tubes connected to form five channels 
underneath the chamber. ‘Two inches of lead were 
placed between the bottom of the chamber and the 
lower bank of counters to reduce the number of un- 
necessary expansions caused by electronic air showers. 


* Assisted by the joint program of the ONR and AEC. 
on Now at the University of New Mexico, Albuquerque, New 
exico. 
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The five channels from the bottom tray of counters 
were fed into a discriminator that could be set to 
require that either two or three of the five channels 
should be triggered simultaneously (within about 
5 sec.) to produce an output pulse from the discrimi- 
nator. The coincidence of a pulse from one or more of 
the four tubes on top of the chamber with a pulse from 
the discriminator operated the expansion and program 
controls. If at the same time a pulse was received from 
an exterior shower tray, which comprised six G-M 
tubes, 2 in. in diameter and 16 in. long, connected in 
parallel and located about five meters from the cloud 
chamber outside the trailer, a second coincidence unit 
caused a neon light on the front of the chamber to glow 
and so be photographed. 

Inasmuch as the various events were observed in a 
cloud chamber containing both carbon and lead plates, 
care must be taken to define the terms used in naming 
the different types of tracks. The following classifica- 
tions will be discussed. 

1. Heavily ionizing particles: tracks with ionization 
greater than three times minimum ionization 

2. Lightly ionizing particles: tracks with ionization 
less than three times minimum ionization. These are 
further divided into (a) Penetrating particles: those 
particles that penetrate at least one }-in. lead plate 
without cascade multiplication. (b) Non-penetrating 
particles: those particles that cannot be seen to pene- 
trate any of the lead plates. This group will include 
(1) particles which produce secondary events in the 
carbon plates, (2) particles which stop in the carbon 
plates, (3) particles which pass outside the field of 
illumination before reaching the lead plates, (4) particles 
which cannot be followed in the lead plate section of 
the chamber because of the presence of electron showers, 
(5) particles which are ejected upward. 

3. Electrons: particles identifiable as electrons be- 
cause of scattering in the gas or cascade multiplication 
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in the lead plates. Note that in no case are these 
particles included in groups 1 or 2. 

The events analyzed in carbon were of the following 
types. 

1. Penetrating showers: these satisfied one or more 
of the requirements: (a) two or more penetrating 
particles, (b) one or more penetrating particles and one 
or more heavily ionizing particles, (c) one or more 
penetrating particles and three or more non-penetrating 
particles, (d) one or more penetrating particles making 
an angle of greater than 5° with the direction of the 
primary particle, and one or more non-penetrating 
particles. (The requirement of angular displacement is 
necessary to avoid including simple knock-on events 
under the minimum conditions.) 

2. Stars: these satisfied one or more of the require- 
ments: (a) one or more non-penetrating particles and 
one or more heavily ionizing particles, (b) two or more 
heavily ionizing particles, (c) four or more non-pene- 
trating particles, (d) three non-penetrating particles, 
provided that at least one of them produces a secondary 
event 

3. Abnormal scatterings: these are large-angle scat- 
terings (greater than 5°) that are observed within the 
carbon plates for penetrating particles only. 

In the first working of the data, the penetrating 
showers and stars were divided into “primary” and 
“secondary” classifications and these, in turn, into 
“accompanied” and “non-accompanied”’ subgroups. A 
secondary event was defined as one that was produced 


by a particle that itself visibly originated in some 


nuclear event occurring either in.the cloud chamber or 
in the matter above the cloud chamber. Events not 
classified as secondary were called primary. This divi- 
sion was an attempt to separate lower energy events 
from higher energy events. It was found, however, 
that in general the properties of the two groupings 
were only slightly different, so that in this paper the 
differentiation will not be made. The same considera- 
tions apply to the accompanied events, which were 
coincident with the tripping of the exterior shower tray, 
as differentiated from the non-accompanied events, 
which were not. 

Of about 15,000 pictures taken, 228 contained 322 
events from which the data were obtained. 


Ill. THE DATA 
1. Successive Events 


An estimate of the mean free path for production of 
secondary events can be obtained from the observed 
number of traversals of the carbon plates. The difficulty 
arises in determining which particles should be counted 
to obtain the total path through carbon. In finding the 
mean free path for secondary production in lead by this 
this method, the practice has been to add up the path 
lengths of the penetrating particles, and, as will be 
shown later, the nearest comparable data in this experi- 


ment are for the “lightly ionizing” particles. There are 
60 secondary penetrating showers and 29 secondary 
stars, or a total of 89 secondary events produced by 
677 penetrating and 797 non-penetrating particles. This 
gives a mean free path! of 237429 g/cm? carbon for 
production of secondary events in carbon by the lightly 
ionizing particles emitted from penetrating showers in 
carbon. 

This value is probably too large because of the 
inclusion of some electrons, which were not identifiable 
as such, among the lightly ionizing particles. To learn 
whether events were being missed because of the finite 
probability of absorption of particles within the 1-in. 
plates of carbon, the events were arranged according 
to which third of a plate contained the origin of the 
event, following the method used by Brown and 
McKay.” It was found that the events were observed 
with close to uniform probability throughout an indi- 
vidual plate; therefore it is assumed that few, if any, 
events were lost because of absorption. 

Now the value of 237-29 g/cm? carbon for the mean 
free path for subsequent production of secondary events 
was obtained for all of the lightly ionizing particles, i.e., 
a mixture of mesons and protons. The same holds true 
for the corresponding values obtained in lead, such as 
the result of 316-70 g/cm? lead found by Brown and 
McKay~? Since there is at present no way of demon- 
strating that the mixtures of particles used to determine 
the mean free path in the case of carbon and of lead 
are completely identical, an exact comparison of the 
two values cannot be made. 

Recently Camerini and co-workers’ have reported 
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1 Since most of the errors given in this paper are due to statistics, 
all errors quoted are standard errors. 

2 W. W. Brown and A. S. McKay, Phys. Rev. 77, 342 (1950)... 
a $ ora Fowler, Lock, and Muirhead, Phil. Mag. 41, 413 
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Fic. 2. Distribution of multiplicities of all ionizing particles, 
normalized to an area of 100 particles. 


that protons and negative pi-mesons have approxi- 
mately the same cross section for production of nuclear 
events in emulsions, and that these cross sections are 
very close to the geometrical area of the average emul- 
sion nucleus. As a result of using carbon plates in this 
experiment, practically none of the nuclear events 
arising from nucleon interactions (mostly penetrating 
showers) have been lost in counting the secondary 
events; however, it is believed that almost none of any 
possible meson stars have been or could have been 
observed. Camerini remarks that the secondary stars 
produced by pi-mesons are quite small, and all of the 
stars listed by him as being produced by identifiable 
mesons consist only of heavily ionizing particles with 
no lightly ionizing “shower” particles. There is also 
pertinent information obtained by Perkins‘ concerning 
the meson stars. He found that the alpha-particles are 
emitted at a maximum energy of 25 Mev, with most of 
them below 10 Mev; the chance of seeing these in a 
cloud chamber is extremely small, even for carbon 
plates. The protons he observed to be emitted in two 
groups: the fast protons of energy 30 to 60 Mev, of 
which there are only about 0.07 per star, and the slower 
protons grouped in the region 5 to 10 Mev. Now protons 
having energies of 10, 30, and 60 Mev possess ranges in 
carbon of 0.03, 0.22, and 0.79 in., respectively. The 
bulk of the protons, those near 10 Mev, would hardly 
ever be able to emerge from a 1-in. carbon plate. Some 
of the higher energy protons would be observable; 
however, there are not very many of them to begin 
with, and those that were successful in penetrating the 
remainder of the carbon plate would probably be 
classified only as stopping mesons or protons, 
Assuming, then, that the secondary events observed 
are due exclusively to the nucleonic secondaries of the 
penetrating showers, one can calculate the true mean 
free path, provided that it is known what fraction of 
the secondaries are nucleonic. If the value of this 
fraction be taken to be about one-quarter,’ then the 
true mean free path for production of nuclear events 
by the nucleonic secondaries would be about 60 g/cm? 


‘D. H. Perkins, Phil, Mag. 40, 601 (1949). 


carbon, and thus, the same as the geometrical cross 
section. 


2. Abnormal Scattering 


From traversals of the penetrating particles and the 
number of scatterings greater than 5°, 10°, and 15° 
observed to occur in the carbon plates, it is possible to 
calculate values of the mean free path for abnormal 
scatterings. There were 14 scatterings greater than 5°, 
12 greater than 10°, and 10 greater than 15° undergone 
by 677 penetrating particles in the carbon plates. The 
resulting mean free paths are 800-220, 930+280, and 
1120-360 g/cm? carbon for scatterings greater than 5°, 
10°, and 15°, respectively. Thus the mean free path for 
abnormal scattering in carbon of the penetrating 
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Fic. 3. Distribution 
of multiplicities of ob- 
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particles is about four times the mean free path for 
production of successive events by the lightly ionizing 
secondary particles from penetrating showers in carbon. 
Little additional information concerning these rare 
events could be obtained in this experiment except for 
the fact that in none of the fourteen cases observed was 
there any indication that there was any electronic 
component associated with the abnormal scatterings. 
3. Multiplicities 

The average multiplicity of all ionizing particles 
emitted from the events in carbon is 5.32++0.13 particles 
per event; the largest number of ionizing particles 
observed to leave a single event was sixteen. The 
multiplicity distribution of all ionizing particles is shown 
in Fig. 2. 

The average multiplicity of observed penetrating 
particles from the events in carbon is 2.33+-0.09; the 
largest number of penetrating particles observed in a 
single event was ten. The multiplicity distribution of 
the penetrating particles is shown in Fig. 3. 

Because of the geometry of the chamber and the 
arrangement of the carbon plates above the lead plates, 
it is obvious that a particle emitted from a carbon plate 
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near the top of the chamber has a lower probability of 
proceeding to the bottom of the.chamber and demon- 
strating its possible penetrating ability in the lead 
plates than does a particle emitted from a carbon plate 
near the bottom of the chamber. It is possible to make 
an empirical correction for this effect to obtain a better 
estimate of the number of penetrating particles that 
would have been observed if the geometry had been 
most favorable. The fraction of all ionizing particles 
originating in a given plate that demonstrate them- 
selves to be penetrating particles is plotted against the 
plate number in Fig. 4. By statistical procedures, these 
points are found to be best fitted by a simple straight 
line: Fraction=0.210+0.038x, where x is the plate 
number. Now in a cloud chamber containing only lead 
plates, the particles emitted from one lead plate are 
observed to be penetrating or otherwise in the next 
plate below (or, occasionally, above) ; therefore, if the 
value of this function be taken for the tenth carbon 
plate, and if the average multiplicity of all ionizing 
particles from all plates be multiplied by this fraction, 
the result will be the average multiplicity of penetrating 
particles that would have been obtained if each carbon 
plate had had a lead plate immediately below it. The 
fraction obtained from the straight line is 0.594-0.047 ; 
this gives a corrected average multiplicity of penetrating 
particles of 3.16++0.25. 

This corrected value, however, is still somewhat lower 
than the value which should be compared to the average 
multiplicity of penetrating particles as observed in lead. 


In the first place, there are those non-penetrating 


particles that produce secondary events in the carbon 
plates; some of these would be observed to be pene- 
trating in a lead plate cloud chamber. The same holds 
true for some of the non-penetrating particles that 
slow down and stop in the carbon before reaching the 
lead plates; although, at the same time, it must be 
considered that other particles of this subgroup would 
be observed as heavily ionizing particles emerging from 
lead plates because of the greater energy loss experi- 
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TaBLe I. Average multiplicity per event of various particles 
emitted from penetrating showers in carbon. 








Observed penetrating particles 2.330.09 
Heavily ionizing particles 0.49+0.04 
Electrons 0.10-+0.02 
Non-penetrating particles 2.40+0.09 
Total 5.32%0.13 
Corrected number of penetrating particles 3.16+0.25 
Penetrating particles: corrected less observed 0.83+0.27 
Non-penetrating particles: 

that stop or that produce successive events 0.45+0.04 

that are ejected upward 0.14+0.02 

that are lost in electron showers 0.130.02 
Total 1.55+0.27 
Cf. total non-penetrating particles 2.40+0.09 








enced in traversing a portion of a lead plate. Finally, 
there are the non-penetrating particles that are pro- 
jected upward; there is no way at all by which these 
can be taken into account, although some of them 
would undoubtedly correspond to penetrating particles. 
Fortunately, the number of particles of this last kind is 
so small compared to the other kinds of particles (only 
41 out of a total of 1558 ionizing particles) that the 
error caused by omitting them entirely is small. The 
corrected average multiplicity of penetrating particles 
including non-penetrating particles that produce second- 
ary events and that stop in the carbon plates comes out 
to be 3.61+0.25. Hence, the value which should be 
compared to the average multiplicity of penetrating 
particles observed in a cloud chamber containing lead 
plates lies between 3.16-+0.25 and 3.61-++0.25. 

The average multiplicity of heavily ionizing particles 
emitted per event is 0.49+0.04; on the average, a 
fraction 0.091+0.008 of all of the ionizing particles are 
heavily ionizing. 

As a summary and as a check, the average multi- 
plicity per event of each type of particle is listed in 
Table I. It is seen that the method used for correcting 
the multiplicity of penetrating particles results in 65 
percent of the non-penetrating particles being accounted 
for. The remaining 35 percent may contain some 
unidentifiable electrons but most probably consists 
largely of penetrating particles that were not included 
when the corrected number of penetrating particles 
was obtained. It should be noted that even a lead plate 
cloud chamber, for geometrical reasons, cannot be 
completely efficient in determining the penetrating 
ability of all of the particles. Because of observational 
difficulties, the number of non-penetrating particles 
that are lost in electron showers may be somewhat 
underestimated. 


4. Angular Distributions with Respect 
to the Vertical 


The histogram in Fig. 5 represents the number of 
lightly ionizing particles observed per degree as a 





Fic. 5. Distribution of 
the projected angles made 
by lightly ionizing second- 
ary particles with respect 
to the vertical, normalized 
to an area of 100 particles, 
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function of the projected angle with respect to the 
vertical, normalized to an area of 100 particles. The 
distribution is concentrated in a downward direction 
and can be represented approximately by a power law 
cos"0, with ” equal to 7. 

Part of the purpose of this experiment is to compare 
the data obtained in carbon with those in lead. Care 
was taken to obtain an approximately correct value of 
the multiplicity to be compared with the average 
multiplicity of penetrating particles obtained in lead 
experiments. It is now necessary to find the best 
angular distributions to compare with those obtained 
in lead. The histogram in Fig. 6 represents the number 
of observed penetrating particles per degree observed 
as a function of the projected angle with respect to the 
vertical. Comparison of this distribution with that for 
the lightly ionizing particles as a whole (excluding 
electrons) as shown in Fig. 5 reveals a very close 
similarity. The average angles and the root-mean- 
square angles for the two distributions over the range® 
0 to 90° are given in Table II. The close correspondence 
of the distributions suggests that the total lightly 
ionizing particle distribution over the entire range 0 to 
180° can be used as a close approximation for compari- 
son with angular distributions obtained for penetrating 
particles in cloud chambers containing only lead plates. 

The angular distribution with respect to the vertical 
of the primary particles that initiate the penetrating 
showers is represented in Fig. 7 ; the originating particles 
of secondary (i.e., successive) penetrating showers are 
not included in this distribution. The distribution is 
strongly peaked in the downward direction and up to 
about 20° can be approximated by a power law cos"6, 
with between 7 and 9. 


5. Angular Distributions with Respect to the. 
Direction of the Primary Particle 


The projected angle distribution of lightly ionizing 
particles with respect to the direction of the primary 
particle is represented by the histogram in Fig. 8; this 
is to be compared to the distribution of penetrating 
particles obtained in lead by Fretter® which is repre- 
sented in Fig. 9. For more certain comparison, the 

’ Because of the geometrical arrangement in the chamber, 


this gives the best comparison available. 
* W. B. Fretter, Phys. Rev. 76, 511 (1949). 
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data obtained by Fretter were recalculated and only 
those events which were obtained at high altitude were 
used. The values of the average projected angles and 
of the root-mean-square projected angles for these two 
distributions are given in Table III. It is seen that the 
two distributions are identical within the statistical 
errors; therefore, it is deduced that the events observed 
in carbon in this experiment are of the same order of 
energy as the events observed previously by Fretter in 
lead. Since this is so, it becomes possible to compare the 
multiplicities obtained in the two experiments as will 
be done in a later section. 

In Fig. 10 is represented the angular distribution of 
those secondary particles emitted from a nuclear event 
that go on to produce subsequent events in the carbon 
plates. The angles are projected angles with respect to 
the direction of the primary particle which produces 
the parent event from which the secondary particle 
emerges. The distribution is very strongly peaked in 
the direction of the primary particle, and will be 
discussed in Section IV. 


6. Electronic Component 


One of the aspects of penetrating showers that was 
to be investigated in particular was that of the origin 
of the electronic component. The lead plates, which 
were previously used in cloud chambers, are so dense 
that the gamma-rays, if any were formed at or very 
close to the main event, would have an excellent chance 
of starting a cascade process before leaving the plate 
in which the event occurred. The thickness of a 1-in. 
carbon plate is only 0.08 radiation length as compared 
with 2.5 radiation lengths for a }-in. lead plate. This 
means that the propagation of cascade showers in 
carbon is delayed over that in lead, so that it should be 
possible to discover if the electron showers observed to 
originate with the penetrating showers arise from 
gamma-rays which are emitted in the act of meson 
creation, or if electrons are perhaps themselves emitted 
directly. This was done by observation of the non- 
ionizing links between the parent events and the points 
of formation of electron pairs in carbon plates. Then 
these data were tested to see whether they were com- 
patible with the hypothesis of formation by gamma- 
rays. 

In Table IV, (i) gives the number of the plate in 
which the parent penetrating shower occurred, and (7) 
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gives the average distance in plates which separates 
the origin of the penetrating shower from the point at 
which an electron event occurs. The electronic events 
may be creation of one or more electrons which are 
identified in general from their cascading properties in 
lead, except for a few low energy electrons which are 
identified by their scattering in the gas between the 
plates. The higher energy electrons are emitted with a 
very high preference for the forward direction, i.e., the 
direction of the initiating particle. The distribution of 
projected angles at which the electrons are formed 
relative to the direction of the primary has an average 
of 8.3° and a root-mean-square value of 11.9°. Inasmuch 
as these values are smaller than the corresponding ones 
for the projected angular distribution of the observed 
penetrating particles with respect to the direction of 
the initiating particle, the assumption that practically 
all of the electrons which may have been created have 
successfully identified themselves regardless of where 
the parent event occurred or where the electrons were 
created seems to be not unreasonable. 

It is assumed next that the average penetrating 
shower event, obtained by grouping together all of the 
events observed, will contain a certain average number 
of gamma-rays, which then go on to produce electrons. 
Hence, if the numbers in each row of Table IV be 
divided by the total number of events which have 
occurred in the corresponding plate, the values obtained 
will represent the number of electronic events produced 
per parent event for each separation from the parent 


event. The columns can then be averaged to give the 


number of electronic events occurring per plate per 
parent event as a function of distance in plates from 
the parent event. These calculations are represented 
in Table V. The errors quoted in Table V are obtained 
from the deviations of the individual points used to 
obtain each average from that average. The logarithm 
of the average number of electronic events per parent 
event per plate is plotted in Fig. 11 as a function of the 
separation of the electronic event from the parent event 
in plates. The points do not appear to form a very 
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_ Fic. 7. Distribution of the projected angles made by particles 
initiating penetrating showers (except for successive’ ones) with 
respect to the vertical, normalized to an area of 100 particles. 
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TABLE II. Average projected les and root-mean-square 
rojected angles of angular distributions of penetrating and of 
ghtly — particles in the range 0 to 90° with respect to 

e vertical. 











Average .m, 
Type of particle 0 to oe ar to oof” 
Lightly ionizing 18.8+0.8 25.2 
Penetrating 18.3+1.1 22.5 








definite pattern; however, by straightforward applica- 
tion of the method of least squares,’ the best straight 
line fitting these points can be found. This comes out 
to be 


In(100AN/Ax) = (1.89-++0.41) — (0.078-40.73) a 
or 
AN = (0.066-0.028) exp[ — (0.078-£0.073)x]Az, 


where x is the separation in plates, Ax=1 is the interval 
in which AWN electronic events occur per plate per 
parent event. 

Suppose now that from the average parent event, 
mp gamma-rays are emitted which have a mean free 
path L for production of electronic events; the number 
of gamma-rays present at a distance x is then n= me~*/4, 
while the number of electronic events observed will be 
N=n)(1—e7*/£). The number of electronic events 
taking place in a thickness Ax at x is then AN 
= (mo/L)e-*/4Ax. Comparison of this equation with the 
equation of the straight line which best fits the experi- 
mental points gives L= (1312) plates, and m= (0.85 
+0.85) gamma-rays per parent event. Now the mean 
free path for production of electrons by very high 
energy gamma-rays is approximately seven-ninths of a 
radiation length. This is equivalent to 9.5 plates of 
carbon. Thus it appears that all of the electronic 
component can be accounted for, at least in order of 
magnitude, by assuming that gamma-rays are re- 
sponsible for creating the electron cascades. It is quite 
possible, of course, that the gamma-rays are derived 
from neutral mesons which are emitted at the same 
time as the charged ones and which have an extremely 
short half-life; this point certainly cannot be decided 
from these data. It is important, in any case, that there 
seems to be no necessity of having electrons emitted 
directly at the same time that the mesons are created. 

In Table VI are compared the average projected 
angles for electronic events and for identified pene- 
trating particles; the angles are with respect to the 
direction of the primary particle initiating the parent 
event. It is seen that the average projected angle at 
which electronic events occur is significantly smaller 
than the average projected angle for the observed 
penetrating particles. Since practically all of the elec- 
tronic events were observed by means of the lead 
plates, and since classification of a particle as pene- 
trating depended on its penetrating the lead plates, 


TR. T. Birge, Rev. Mod. Phys. 19, 298 (1947). 
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the distributions in angle of the two types of events 
should be strictly comparable. 

It must be remembered, however, that the pene- 
trating component consists both of protons and of 
mesons. Since the mass of the proton is some six times 
that of the meson, it is to be expected that the angular 
distribution of the protons alone should be somewhat 
more widespread than that of the mesons alone. If 
the gamma-rays do in fact arise from neutral mesons, 
which will be assumed to be emitted in the same way 
as either positive or negative mesons in the absence of 
definite evidence to the contrary, then the angular 
distribution of the charged mesons alone would be the 
same as that of the electronic events, with 6=8°. 
Now if it be supposed that the mesons constitute a 
certain fraction of the observed penetrating particles, 
then the average projected angle of the remaining 
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Fic. 8. Distribution of the projected angles made by lightly 
ionizing secondary particles with respect to the direction of the 
primary particle, normalized to an area of 100 particles. 


particles, protons, can be readily calculated. If the 
mesons make up one-half of the penetrating particles, 
then the average projected angle for the protons alone 
is 16°; if the mesons are three-fourths of the penetrating 
particles, the average projected angle for protons alone 
is 24°. Hence the average projected angle for the protons 
would be about two to three times as large as that of 
the mesons; this is a reasonable ratio in view of the 
masses of the particles. 


7. Comparison with Data Obtained in Lead 


Using the same cloud chamber with sixteen }-in. 
lead plates, Fretter® obtained values for the multi- 
plicity of penetrating particles produced in penetrating 
showers as well as the angular distribution with which 
they were emitted. The original data obtained by 
Fretter at Tioga Pass, California, elevation 3027 
meters, were treated in the same way as the data 
obtained in this experiment for more certain com- 
parison, 
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Fic. 9. Distribution of the projected angles made by penetrating 
secondary particles with respect to the direction of the primary 
ae, normalized to an area of 100 particles, from data,of 

retter for events produced in lead. 


Earlier in this paper it was shown that the projected 
angular distribution for lightly ionizing secondary 
particles from events in carbon could be compared, to a 
good degree of approximation, to the projected angular 
distribution of penetrating particles from events in lead. 
It was found that the distribution obtained by Fretter 
for penetrating particles was identical, within the 
experimental errors, with the distribution obtained in 
this experiment for lightly ionizing secondaries. It was 
therefore concluded that the events observed in the 
two experiments are of closely the same energy and 
that, therefore, other values obtained from the two 
experiments—in particular, the multiplicities—can be 
validly compared. 

The value of the multiplicity found in this experiment 
that is to be compared to the average multiplicity of 
penetrating particles as observed in a cloud chamber 
containing only lead plates was shown previously to 
lie between 3.16+0.25 and 3.61+0.25. The average 
multiplicity of penetrating particles obtained by Fretter 
is 3.79+0.14. The agreement between the two experi- 
ments is striking. A further similarity is found in the 
largest number of penetrating particles observed to be 
produced in what appears to be single events. The 
highest multiplicity of penetrating particles observed 
by Fretter was eleven. Although there is no way of 
correcting the number of observed penetrating particles 
in this experiment for a single event, a rough comparison 
can be made simply by using the highest multiplicity 
of penetrating particles that was observed, which is 
equal to ten particles. 

The very close agreement of the data obtained in 
carbon with those obtained in lead implies that the 
penetrating showers observed in the two substances 
are nearly identical in regard to high energy pene- 
trating particles for the energy range observed. 

Comparison should also be made of the multiplicities 
of heavily ionizing particles observed in carbon with 
those in lead. It is difficult, however, to know just 
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what values should be compared. An ionizing particle 
loses so much more energy in traversing about 3 in. of 
lead (14.4 g/cm?) than in traversing about 1 in. of 
carbon (4.3 g/cm?) that it is likely that many particles 
which would have been observed as heavily ionizing 
particles emerging from a carbon plate would fail to 
get out of a lead plate. On the other hand, particles 
which emerge with close to minimum ionization and 
stop in the carbon would, in some cases, be identified 
as heavily ionizing particles if the event had occurred 
in a lead plate. Another basis for comparison would be 
to consider only those cases in which at least one 
heavily ionizing particle is observed to emerge from 
the lead, assuming that if one such particle can get out 
of the plate, then any others will have a good possibility 
of doing so also. Since any events in which there were 
no heavily ionizing particles emitted would not be 
included in this selection, the multiplicities obtained 
in this way should be compared to those in carbon for 
events that also had at least one heavily ionizing 
particle or at least one lightly ionizing particle that 
stops in the carbon. The multiplicities obtained for 
these various methods of selection are listed in Table 
VII. In every case the multiplicities of heavily ionizing 
particles from events in lead plates are larger than the 
possibly comparative values in carbon plates. In addi- 
tion, up to six heavily ionizing particles were seen to 
leave an event in lead whereas the largest number 
observed in carbon was only three. If these heavily 
ionizing particles are largely protons, then the difference 


_ may -be due to the far greater probability of obtaining 


a number of low energy protons (and neutrons) by 
elastic collisions in the case of showers produced in 
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Fic. 10. Distribution of the projected angles made by those 
secondary particles that subsequently A goon secondary pene- 
trating showers in the carbon plates with respect to the direction 
of the primary particle, normalized to an area of 100 particles. 
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TaBLe III. ey projected angle and root-mean-square 
projected “— for ightly ionizing secondary particles from 
events in carbon and for penetrating secondary particles from 
events in lead as obtained by Fretter. 








Average angle R.m.s. angle 
20.0+1.0° 34° 


17.7+1.4° 28° 





Lightly ionizing particles in carbon 
Fretter’s values for penetrating 
particles in lead 








lead. However, the uncertainty in determining any 
strictly comparable values for carbon and for lead 
would make it impossible to draw any exact conclusions 
regarding this. 

There is nothing to be gained in trying to compare 
the total multiplicities in the two experiments since the 
production of electron showers in the same lead plate 
that contdins the origin of the penetrating shower 
event would render any comparisons invalid. 


8. Multiplicities of Particles Produced 


The average multiplicity of all ionizing particles 
produced in penetrating showers in carbon is about 5.3. 
Of this, about 0.1 is contributed by electrons, leaving a 
multiplicity of 5.2 ionizing particles emitted per event ; 
these particles are assumed to be protons and charged 
pi-mesons, although a few unidentifiable electrons may 
be included (Section III.3). If the average event con- 
sists of a single nucleon-nucleon interaction, then, in 
general, two nucleons will be emitted from the event; 
but, considering only charged primaries, there is a 
probability of 0.5 in carbon that one of the outgoing 
nucleons will be a neutron, if the assumption be made 
that the p-p and p-n cross sections are equal. Then a 
multiplicity of 1.5 is due to protons (about one-fourth 
of the particles), leaving a multiplicity of 3.7 for charged 
mesons. If the ratio of neutral to charged mesons is 1:2, 
then there will have been a total of 5.5 mesons emitted 
from the average event, of which about 1.8 are neutral. 
If the neutral mesons are of such short half-life that 
they decay before emerging from the plate in which 
they were produced, then 3.6 gamma-rays should be 
produced per event. The estimated number of 0.85 
+0.85 gamma-ray per event obtained previously from 
the experimental data does appear to be significantly 
lower than the number of 3.6 just arrived at. However, 
the correctness of the assumptions which entered into 
the estimation of 3.6 gamma-rays being produced 
(and observed) per event is quite indeterminate, and 
there is no compelling reason to believe this value. 


IV. COMPARISON WITH THEORY 


The multiplicity of particles observed to occur in 
penetrating showers in carbon is easily accounted for 
by any of the theories of multiple production of mesons, 
such as those of Lewis, Oppenheimer, and Wouthuysen,® 


p Sane. and Wouthuysen, Phys. Rev. 73, 127 


(1948) 7) aw . Lewis, Phys. Rev. 76, 566 (1949). 
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TABLE IV. Distribution of electronic events by plate of origin 
of parent penetrating shower event (z) and by separation of the 
electronic events from the parent events (j) in units of plates. 
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TaBLE V. Distribution of number of electronic events per 
parent event by plate of origin of parent event (¢) and by sepa- 
ration of electronic event from parent event (j). 











$ j (0) 1 2 3 4 5 6 7 8 9 Totals 
| (3) 1 2 fie EE Oe Re BE Oe 
F (3) 0 + :-O.8 4oot 10 
3 m @ § $ 4: 8 2 15 
4 (0) 2 0 2 2 -2- @ 9 
5 (0) 2 2 a; © 6 
6 (3) 3 4 ae 13 
7 (4) 4 0 3 11 
8 (6) 4 0 10 
9 (1) 2 3 
10 (2) z 
Totals (23) 18 18 17 5 2 4 4 1 1 9 








of Heisenberg,® and of Leprince-Ringuet.!° Comparison 
with the predictions of the plural production theory is 
more involved and will be discussed in greater detail. 
Heitler and Janossy" have applied the damped model 
of the theory proposed by Hamilton, Heitler, and 
Peng,” in which only one meson is produced in a single 
nucleon-nucleon interaction, to find the mean free path 
of meson-producing nucleons in nuclear matter. They 
find that once the primary nucleon enters a nucleus, 
it has a good chance of interacting with more than one 
of the nucleons of the nucleus. If the mean free path is 
small enough, it is possible to obtain any observed 
multiplicity of mesons from any complex nucleus 
without requiring that more than one meson be pro- 
duced in a single interaction. The mean free path 
derived by Heitler and Janossy would require, however, 
that the average multiplicity of mesons produced in 
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Fic. 11. Logarithm of the 
average number of elec- 
° N\ tronic events produced per 

_ plate per parent event as a 
$ , function of the separation 
of the electronic event from 
the parent event in plates. 
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°W. Heisenberg, Nature 164, 67 (1949); Zeits. f. Physik 101, 
533 (1949) ; 113, 61 (1939). 
Peyrou, d’Espagnat, and Leprince-Ringuet, Comptes Rendus 
228, 1777 (1949). ; 
a on. Heitler and L. Jénossy, Proc. Phys. Soc. A62, 374, 669 
1 Hamilton, Heitler, and Peng, Phys. Rev. 64, 78 (1943); 
W. Heitler, Proc. Camb. Phil. Soc. 37, 291 (1941); W. Heitler 
and H. W. Peng, Proc. Camb. Phil. Soc. 38, 296 (1942). 








a oe i ee ee he ee ee Se 
1 

1 (0.158) 0.053 0.105 0.105 0.105 0 0.053 0.053 0.053 0.053 
2 (0.177) 0.0 0.236 0.059 0.0 0 0.059 0.059 0 

3 (0.035) 0 0.172 0.172 0 0 0.069 0.069 

4 (0 ) 0.062 0.0 0.062 0.094 0.062 0 

5 (0) 0.071 0.107 0.038 0 © ©0 

6 (0.07) 0.077 0.103 0.077 0 

7 (0.148) 0.148 0 0.111 

8 (0.118) 0.078 0 

9 (0.024) 0.049 

10 (0.051) 

Averages (0.079) 0.060 0.090 0.089 0.033 0.012 0.045 0.060 0.026 0.053 
Errors (0.020) 0.014 0.029 0.016 0.019 0.012 0.013 0.004 0.018 0.053 








carbon nuclei be appreciably smaller than that of 
mesons produced in lead. But it has been seen earlier 
that the penetrating showers observed in carbon are 
very closely the same as those in lead. This similarity, 
of course, could be explained by making the mean free 
path for interaction in nuclear matter still smaller, and 
by assuming that a saturation effect had already set in 
even for carbon, so that all of the meson-producing 
ability of the primary particle had been used up. In 
this case, then, the penetrating showers produced in 
carbon and in lead would be expected to be identical. 
However, reference to Fig. 10 will show that the 
particles from penetrating showers that initiate subse- 
quent nuclear interactions are emitted with an ex- 
tremely strong preference for the direction of the 
particle which initiated the shower from which they 
came. From this it can be inferred that a particle which 
initiates a subsequent penetrating shower is probably 
either the original high energy nucleon, or a nucleon 
resulting from a head-on collision with the primary 
nucleon ; in addition, it will be noted that the occurrence 
of two generations of penetrating showers within the 
cloud chamber not only in carbon, but also in lead, is 
not an infrequent event. This would not be in accord- 
ance with an assumed saturation effect. 

The theories of multiple meson production have been 
concerned only with the single nucleon-nucleon inter- 
action from which several mesons can arise. It is clear 
that if either the primary nucleon or the nucleon with 
which it Has collided possesses sufficient energy after 
the collision, it will be possible to have another inter- 
action take place within the same nucleus. Recently 
evidence has been obtained from very high energy 
stars in photographic plates that some such plural- 
multiple process may occur. The frequency of occur- 
rence, naturally, will depend on the mean free path for 
interaction with nuclear matter; at present, however, 
there is no reliable evidence to indicate just what the 
value of this mean free path should be. 

In connection with this experiment, it should be 


18 Feld, Lebow, and Osborne, Phys. Rev. 77, 731 (1950); 
Kaplon, Peters, and Bradt, Phys. Rev. 76, 1735 (1949) ; Leprince- 
Ringuet, Bousser, Hoang-Tchang-Fong, Janeau, and Morellet, 
Phys. Rev. 76, 1237 (1949), Comptes Rendus 229, 163 (1949). 
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again noted that a 1-in. plate of carbon is only 4.3 
g/cm?, whereas a $-in. plate of lead is 14.4 g/cm?; since 
even a fast singly charged particle loses about 2 Mev/ 
g/cm?, itis possible that some lower energy particles 
have been observed in the case of carbon that would not 
have been counted in the case of lead. If this be so, 
then the true multiplicity of penetrating showers ob- 
served in lead may be slightly greater than that of 
penetrating showers generated in carbon, the difference 
being attributed to an occasional two or even three 
step cascade process in the lead nucleus. Contrary to 
this argument is the belief that, if anything, the cor- 
rected number of penetrating particles from the events 
in carbon was underestimated. In any case, however, 
it seems unlikely that if such cascade production 
processes occurred in lead nuclei with an appreciable 
frequency, such a close correspondence would have 
been observed between the penetrating showers pro- 
duced in carbon and those in lead. 


V. SUMMARY OF CONCLUSIONS 


The penetrating showers generated in carbon have 
been shown to be closely the same in angular distribu- 
tion and in average multiplicity of penetrating particles 
as those produced in lead. Penetrating showers produced 
in the carbon plates were followed not infrequently by 
the production of secondary penetrating showers farther 
down in the carbon; the initiating particles of the 





Fic. 12. This is an illustrative event, reproduced as a line 
drawing for greater clarity. An ionizing particle produces a 
penetrating shower in the third carbon plate. Of the eight ionizing 
particles that are emitted, four can be seen to penetrate the lead 
plates at the bottom; one particle goes out of the illuminated 
region, and two particles are lost in the electron tracks under the 
first lead plate. The remaining particle produces a secondary 
event in the tenth carbon plate. From the secondary event there 
emerge two penetrating particles, one heavily ionizing particle, 
and a fourth particle that is lost among the electrons. Gentes 
of electron pairs that generate small cascade showers in the lead 
plates are seen to occur in the ninth and tenth carbon plates. 


TaBLeE VI. Average projected angle and root-mean-square 
projected angle for electronic events and for penetrating particles 


with respect to primary. 











Type Average angle R.m.s. angle 
Electronic events 8.341.7° 1? 
Penetrating particles 12.0+0.8° 17° 








TaBLeE VII. Comparison of various average multiplicities of 
heavily ionizing particles from events in carbon and in lead. 








In carbon: 
1. Heavily ionizing particles 
(a) From all events 0.5 
(b) Only from events in which heavily ionizing 
particles were observed 1.3 
2. Heavily ionizing particles plus lightly ionizing 
particles that stop in carbon 


(a) From all events 0.6 
(b) Only from events in which at least one of these 
particles was observed 1.4 
In lead: 
1. Heavily ionizing particles 
(a) From all events is 
(b) Only from events in which heavily ionizing 
particles were observed 2.0 








subsequent showers are very closely aligned with the 
direction of the primary particle of the parent pene- 
trating shower. The mean free path of the lightly 
ionizing secondary particles of the penetrating showers 
for subsequent production of nuclear events has been 
found to be 23729 g/cm? carbon. This value is for a 
mixture of particles, some of which do not produce 
observable secondary events. If it be assumed that only 
the nucleonic component (mostly protons) contribute 
secondary events, with a cross section near that of the 
geometrical area, then it can be deduced that about 
one-quarter of the lightly ionizing secondary particles 
are nucleonic. 

The electronic cascades observed to be produced at 
the same time as the penetrating component can be 
satisfactorily explained in order of magnitude by 
assuming that they are produced by high energy 
gamma-rays which originate at the event or which may 
be derived from the fast decay of neutral mesons very 
near the original event. 
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Brode for the advice and assistance that they have 
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Knight, Bruce J. Harris, George Plummer, and Andrew 
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White Mountain Laboratory by the Office of Naval 
Research and for the interest shown by Commander , 
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Total Cross Sections of Nuclei for 42-Mev Neutrons* 
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Total cross sections of 33 elements for 42-Mev neutrons have been measured using the 184-inch cyclotron 
as a source of neutrons and the C#(m,2m)C™ reaction as a detector. Experimental details are described 
and the results are compared with those measured at other energies. 





I. INTRODUCTION 


HE measurements of total neutron nuclear cross 
sections’? at 90 Mev showed effects interpretable 
in terms of nuclear transparency,* whereas measure- 
ments at* 14 Mev and at® 25 Mev are interpretable in 
terms of an opaque nucleus.® The C?(n,2n)C" reaction 
as a neutron detector provides a simple method for 
measuring cross sections at an intermediate energy. 
The 40-Mev neutron beam intensity from the 184-inch 
cyclotron operated at reduced radius is sufficient to 
permit accurate cross-section measurements of a large 
number of elements in a relatively short time with the 
detector 15 meters from the source. 


II. GENERAL FEATURES OF THE EXPERIMENT 


The 42-Mev total cross sections were obtained by 
good geometry attenuation measurements using essen- 
tially the same method as was used by Cook, McMillan, 
Sewell and Peterson! at 90 Mev. 

The neutron beam, produced by deuteron stripping 
in the cyclotron target strikes an attenuator (the ma- 
terial being investigated) about 5 meters from the 
target. The incident beam activates a monitor placed 
just outside of the cyclotron tank and the transmitted 
beam activates a detector which is placed about 10 
meters beyond the attenuator (Fig. 1). 

The fundamental measurement in this work is the 
ratio, r, of detector to monitor activity. This ratio 


ATTENUATOR 
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Fic. 1. Plan view of experimental arrangement. 


* This work was performed under the auspices of the AEC. 
as a McMillan, Peterson, and Séwell, Phys. Rev. 75, 7 

2 DeJuren and Knable, Phys. Rev. 77, 606 (1950). 

5 Fernbach, Serber, and Taylor, Phys. Rev. 75, 1352 (1949). 

4 Amaldi, "Bocciarelli, Cacciapuoti, and Trabacchi, Nuovo 
Cimento 3, 203 (1946). 

. Sherr, Phys. Rev. 68, 240 (1945). 
6H. Feshbach and V. F. Weisskopf, Phys. Rev. 76, 1550 (1949). 


should vary exponentially from some initial value ro to 
zero as the thickness of attenuator is varied from zero 
to infinity. A barely detectable background rz persists, 
however, when an “infinite” attenuator consisting of 
45 cm of copper is used. This amount of copper should 
transmit only about 10~ of the incident flux which 
would be entirely beyond detection; hence the back- 
ground must not be due to neutrons which have passed 
through the attenuator. Possible sources of this back- 
ground are neutrons scattered by the vacuum tank 
wall and neutrons formed when the circulating cyclotron 
beam hits the dee. If, corresponding to attenuator 
thicknesses 0, x, and “infinity,” we measure ratios of 
detector to monitor activity ro, r, and rg the trans- 
mission T of a sample of thickness x is given by 


T=(r—rz)/(ro—ra), 


and the cross section is calculated from T using the 
relation, 


o=(—A/Npx) InT, 
where A/Npx=number of atoms per square centimeter. 


Ill. NATURE OF SOURCE AND DETECTOR, 
MEAN DETECTION ENERGY 


The neutron source is a 1.27 cm thick Be target 
bombarded by deuterons at a cyclotron radius of 55 in. 
where the magnetic field is 14.5 kilogauss. The neutron 
flux density from this target is of the order of 10° 
neutrons cm? sec. at the detector. 

The energy distribution of the neutron beam is 
calculated from the deuteron stripping theory of Serber? 
taking into account the energy loss of the deuterons in 
the target. No experimental information exists on the 
energy distribution of the neutron beam at 40 Mev; 
however, measurements of both the angular distribu- 
tion® and the energy distribution® at 90 Mev have 
demonstrated the validity of the stripping theory. This 
calculated neutron energy distribution is shown in 
Fig. 2 as curve A. 

The neutrons were detected by measuring the ac- 
tivity they induced in carbon disks by the reaction 
C”(n,2n)C". The manner in which the sensitivity of 
this detector varies with the neutron energy has not 


7R. Serber, Phys. Rev. 72, 1008 (1947). 
8 Helmholz, McMillan, and Sewell, Phys. Rev. 72, 1003 (1947). 
® Hadley et ‘al., Phys. Rev. 75, 351 (1949). 
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Fic. 2. Detection efficiency (see text). 


been measured. The result of a theoretical calculation!® 
of this function is shown in Fig. 2 as curve B. The re- 
lated theoretical calculation” of the reaction C"(p,pn)C™ 
has been confirmed experimentally.": * A measurement 
of the C(n,2m)C" cross sections averaged over the 
40-Mev and the 90-Mev neutron energy distributions 
have shown them to be approximately the same.” 
Hence the peak in the theoretical curve B is probably 
too large with respect to the higher energy part of the 
curve whereas the arbitrary curve B’, which has the 
same shape as B to the left of the peak except for a 
scale factor, is probably too low in the 40-Mev region. 
The product curves C=AX BX (constant) and C’=A 
XB’ (constant) show the extent to which the expected 
energy distribution of the detected neutrons depends 
on the excitation function assumed. The constants 
have been adjusted to make C and C’ coincide to the 
left of the peak. The mean detection energies corre- 
sponding to C and C’ are 41.3 and 43.2 Mev. Since B 
and B’ are believed to be limiting curves the true energy 
distribution of detected neutrons is assumed to lie 
between C and C’ with a mean energy of about 42 Mev. 


IV. APPARATUS AND EXPERIMENTAL PROCEDURE 


The detectors were carbon disks 4.3 cm in diameter 
and 0.32 cm thick with a density of 1.59+0.02 g/cm’. 
One such disk was used as a monitor of the incident 
beam and two were used as detectors of the transmitted 
beam. During bombardment the disks were placed in 
aluminum holders which were fixed in the positions 
indicated in Fig. 1. At the end of the run the (20 min.) 
B+-activity was counted on mica-window Geiger-Miiller 
counters. The counts of the two detector disks were 
added. All counts were made concurrently; i.e., the 
detector and monitor activities were counted over the 
same time interval eliminating the necessity of correc- 
tions for decay. 

A typical determination of ro (see Section II) in- 


10 W. Heckrotte and P. Wolff, Phys. Rev. 73, 264, 265 (1948). 

Ph bos if W. Chupp and E. M. McMillan, Phys. Rev. 72, 873 
1 E, M. McMillan and R. D. Miller, Phys. Rev. 73, 80 (1948). 
% R. L. Mather and H. F. York, unpublished. 
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Fic. 3. Detail of collimating system and absorber. 


volved about 20,000 net counts from the detector disks 
in a period of 15 minutes. This is about 100 times the 
counter background and about 3 times the net count 
in determining r for a typical attenuator. In deter- 
mining rg a typical detector count was 500 of which 
460 were counter background. 

A 2.5 cm i.d. copper collimating tube was placed just 
behind the attenuator as shown in Fig. 3. This was to 
prevent neutrons from reaching the detector unless 
they had passed through the attenuator. Because of 
the divergence of the beam, its diameter at the detector 
was about 7 cm hence the detectors could be placed 
entirely within the beam. The alignment of the appa- 
ratus was checked before each series of runs using 
x-ray films exposed in the beam. The equipment was 
adjusted so that the shadow of a small object in the 
attenuator position and the circular spot transmitted 
by the collimator were centered on the detector position. 

The absence of spurious counts was demonstrated by 
the exponential nature of attenuation curves which 
were made (Fig. 4) and by the barely detectable 
background which was observed when the “infinite” 
attenuator was used. 





] ' q | q 


RELATIVE TRANSMITTED INTENSITY 
° 











ome)] | l 1 | 
0 5 10 15 20 25 


THICKNESS OF COPPER IN CM 
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TaBLE I. Cross sections of elements. (The errors shown are stand- 
ard deviations calculated from the counting statistics alone.) 











Zz M R=(o1/2x)* 
Ele- Atomic Atomic in units of 
ment Form® tinbarns number weight mit 10712 cm 
H d 0.203+-0.007 1 1.008 1.00 0.180=-0.003 
D d 0.289+-0.013 1 2.015 1.26 0.214+0.005 
Li Ss 0.684-+0.011 3 6.940 1.91 0.330-+0.003 
Be s 0.853+-0.010 4 9.02 2.08 0.368+0.002 
B p 0.985+0.020 5 10.82 2.21 0.3962-0.004 
te d 1.089+-0.011 6 12.01 2.29 0.416--0.002 
N d(p) 1.220+0.025 7 14.008 2.41 0.441-+-0.005 
O d 1.358+0.012 8 16 2.52 0.465-+-0.002 
F d(p) 1.603+0.030 9 19.000 2.67 0.505-+-0.005 
Na d(p) 1.67 +0.06 11 22.997 2.84 0.515-+-0.009 
Mg s 1.72340.024 12 24.32 2:90 0.524-+-0.004 
Al Ss 1.7824-0.020 13 26.97 3.00 0.532+0.003 
S d 1.974+40.030 16 °32.06 3.18 0.560-+0.004 
+ ae 2.11 +0.04 17 35.457 3.29 0.579+0.005 
cae 2.210+0.026 20 40.08 3.42 0.592+-0.004 
Fe s 2.441+-0.021 26 55.85 3.82 0.623+0.003 
Nis 2.510+0.034 28 58.69 3.88 0.632+-0.004 
es 2.540+0.019 29 63.57 3.99 0.636-+0.003 
meets 2.618+0.027 30 65.38 4.03 0.646-+-0.003 
Br d 2.93 +0.06 35 79.916 4.30 0.682+-0.007 
Sr d(p) 2.99 +0.12 38 87.63 4.44 0.690+0.014 
Mo s 3.11 +0.05 42 95.95 4.58 0.703+0.006 
Ag s 3.229+0.034 47 107.880 4.76 0.716-+-0.004 
mS 3.25140.023 50 118.70 491 0.719--0.003 
J d 3.51 +0.06 53 126.92 5.03 0.747+0.006 
Ba d(p) 3.57 +0.12 56 137.36' 5.16 0.753+0.013 
|: ae 4.20 +0.04 73 180.88 5.66 0.817+-0.004 
W Ss 4.31 +0.06 74 183.92 5.69 0.828+-0.006 
me. t 4.51 +0.06 80 200.61 5.85 0.846-+-0.006 
a 4.44 +0.05 82 207.21 5.92 0.840+-0.005 
Bi Ss 4.58 +0.06 83 209.00 5.94 - 0.853+-0.006 
a ¢ 5.03 +0.07 90 232.12 6.14 0.894+-0.006 
U Ss 5.12 40.07 92 238.07 6.20 0.902+-0.006 








8 d=derived from measurements listed in Table II; s =solid; / =liquid; 
~ =powder; d(p) =derived from a powdered compound. 


The substances which were used in the form of solid 
blocks were paraffin, Li, Be, C, Mg, Al, Ca, Fe, Ni, 
Cu, Zn, Mo, Ag, Sn, Ta, W, Pb, Bi, Th, U. In all 
cases except calcium (see below) the cross section of 
the attenuating block was much greater than the cross 
section of the collimator (2.54 cm diameter) just behind 
them, being 5 cmX7} cm in most cases. The thickness 
of the attenuating blocks was made one to two mean 
free paths whenever this much material was available 
and was never less than half of a mean free path. In 
many cases the “blocks” were actually stacks of thin 
slabs placed normal to the beam. The Be, Sn, Pb, Bi, 
and Th were machined from castings while all the others 
except Li and Ca were machined from stock. Two 
samples each of Be, Sn, Pb, and Th were used to reduce 
the chance of error due to imperfect castings. In the 
case of Li, blocks which had previously been pressed 
in a die were accurately machined under liquid vaseline. 
Since calcium was available only in the form of a rough 
cathode rod of small cross section a special collimating 
system had to be used. The rod was machined to a 
diameter of 1.75 cm and a length of 16.5 cm and used 
as shown in Fig. 3. 

The liquids used were Hg, O, CS2, CCli, CH2Bro, 
CHI, H,O, D.O, and pentane. The Hg was contained 


in a rectangular aluminum can with the same cross | 


section as that of the solid blocks and a length of 11 cm. 
The liquid oxygen container was a stainless steel tank 
with a 13 cmX13 cm cross section and a length of 38 
cm. This tank was surrounded by asbestos so that 
there was very little boiling and almost none in the 
region near the long axis of the tank through which 
the detected neutrons passed. The CS2, CCl4, CH2Bre, 
and CHI, were contained in glass tubes 3 cm in 
diameter and 14 cm in length. The ends of the glass 
tubes were j-in. plate glass and were made accurately 
parallel. The water, heavy water and pentane were 
contained in brass cylinders 34 cm long and 6} cm in 
diameter. In each case the intensity corresponding to 
zero attenuator thickness was measured using the 
appropriate empty container. 

The powdered substances used were B, melamine 
(CsNeHe), S, LiF, NaCl, SrCO; and BaCO3. These 
powders were put into 3.6 cm diameter brass tubes 20 
to 30 cm long with 0.2 cm thick aluminum ends and 
were packed as uniformly as possible over the cross 
section of the tube. To minimize errors due to non- 
uniform packing the tubes were refilled and, of course, 
reweighed before each run. At least two runs were 
made in every case. 


V. RESULTS 


Cross sections of all the elements investigated are _ 


given in Table I. Those marked “d” are derived from 
the measurements shown in Table II by averaging all 
independent determinations for each element. For 
example, the carbon cross section in Table I is the 
weighted average of three independent determinations: 
(1) directly measured carbon; (2) the carbon disulfide- 
powdered sulfur difference; (3) the hydrocarbon- 
hydrogen difference, where the hydrogen used was that 
obtained from the water-liquid oxygen difference. 
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Fic. 5. Comparison of cross sections measured at various energies. 
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Fic. 6. Collision radii. The upper plot shows collision radii 
R=(o,/2x)! plotted against cube roots of atomic weights. 

Collision radii measured by Cook et al. at 84 Mev are represented 
by the dashed curve with radii of H and D shown separately. 
The points shown in the lower plot are obtained by subtracing 
0.132 10-"“M? from the collision radii. 


Figure 5 shows a comparison of several of the 42-Mev 
total cross sections given in this paper with those 
measured at 14 Mev,‘ 25 Mev,® 84 Mev,! and 95 Mev.? 
In the paper of Cook ef al.! the energy is givenas “. . . 
between 80 and 90 Mev.” The figure 84 Mev given 
above is an estimate of the most probable value based 
on the references given in Section III. Additional 
measurements of hydrogen, deuterium and carbon have 
been made at energies below 25 Mev by several investi- 
gators, !4—16 

It is customary! to define a “collision radius” R by 
the expression 

O¢= 2rR’, 


where o; is the measured total cross section. This 
definition based on the assumption of an opaque nucleus 
provides an estimate of the nuclear radius. Figure 6 
shows collision radii plotted against the cube roots of 
14 W. Sleator, Jr., Phys. Rev. 72, 207 (1947). 
16 E. O. Salant and N. F. Ramsey, Phys. Rev. 57, 1075 (1940). 


16 Ageno, Amaldi, Bocchiarelli, and Trabacchi, Phys. Rev. 71, 
20 (1947). 





TABLE II. Directly measured cross sections not listed in Table I. 
(The errors shown are standard deviations calculated from the 
counting statistics alone.) 











Substance> Form* o¢ in barns 
CHo.os(paraffin) s 1.510+0.031 
CH2.4(pentane) I 1.568+0.018 
H:0 l 1.774+0.020 
DO l 1.935+0.023 
N:2CH.(melamine) p 3.936+0.046 
LiF p 2.287=+0.028 
NaCl p 3.777+0.045 
C $s 1.092+0.011 
S p 1.985+0.036 
CS: l 4.989+0.105 
CCl L 9.516+0.148 
CH:Br: l 7.361+0.106 
SrCO; p 8.150+0.118 
CHil: l 8.523+0.109 
BaCO; p 8.731+0.109 
O l 1.3530.014 








® s =solid; | =liquid; p =powder. 
b The cross sections refer to the formulas given, e.g., the “‘paraffin’’ cross 
section is that for one atom of C-+-2.08 atoms of H. 


the atomic weights. Collision radii obtained by Cook 
et al. at 84 Mev are represented by the dashed curve 
with radii of H' and H? shown separately. The points 
shown in the lower plot are obtained by subtracting 
0.132 10-"M? cm from the collision radii. This plot 
makes it possible to show the statistical errors associated 
with the points and shows the deviation of the points 
from a linear dependence on M}. 

An analysis of the consistency of individual measure- 
ments has been made for two groups of data: first, a 
group of 65 measurements involving solid and liquid 
attenuators; and second, a group of 23 measurements 
involving powdered attenuators. The first group showed 
a spread just consistent with the errors due to counting 
statistics (given in the tables). The second group 
showed random errors eight percent greater than those 
expected from counting statistics alone. The larger 
spread in the powder measurements is assumed to be 
due to the difficulty in obtaining uniform packing of 
the powder tubes. This apparent random eiror raises 
the question of possible non-random packing errors 
hence the powder measurements are probably less 
reliable than the others. 

The authors wish to thank Professor E. O. Lawrence 
and Dr. B. J. Moyer for their interest in this work. 
We also wish to thank Mr. James Vale and the cyclotron 
operating crew for their assistance. 
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The bombardment of n-type germanium by alpha-particles from polonium first removes the conducting 
electrons at the rate of 78 per alpha-particle. After the electrons are gone conducting holes are introduced 
at the initial rate of 8.6 per alpha-particle. Some of these holes disappear with time at room temperature 
after bombardment is stopped, leaving only two conducting holes per alpha-particle. This change takes 
place only to the depth of penetration of the particles, namely 1.9 10-* cm. The distribution of holes with 
depth is not uniform. The concentration rises from an initial value to a maximum at 1.4X10-* cm depth 
and then falls to zero. The maximum is about 2.5 times the initial value and the integral under the curve is, 


of course, two holes per alpha-particle. 





I. INTRODUCTION 


HE extensive changes undergone by solid ma- 
terials exposed to radiations of various types 
have been treated theoretically by Seitz.! Lark-Horovitz 
and his associates? have altered the conductivity of 
germanium by bombardment with nucleons. The 
mechanism involved was the production of defects 
or increased p-type conductivity as a result of the ger- 
manium atoms being displaced from their normal lattice 
positions by the incident nucleons. This paper* reports 
quantitative measurements on the change in conduct- 
ance of an u-type germanium sample during bombard- 
ment with alpha-particles from polonium as well as 
relaxation changes in conductance immediately after 
stopping the bombardment. An analysis of these data 
yields values for the rate of change of conduction 
during the course of the experiment. 

A thin slab of material was bombarded on one side 
and its conductance normal to the direction of bombard- 
ment was measured as a function of time. The con- 
ductance first decreased linearly, passed through a 
minimum, and then increased at a diminishing rate as 
long as the bombardment was continued. The ger- 
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Fic. 1. Germanium single crystal for alpha-particle 
bombardment experiments. 


1 F, Seitz, Discussions Faraday Soc. No. 5, 271 (1949). 

?W. E. Johnson and K. Lark-Horovitz, Phys. Rev. 76, 442 
(1949). 

* A preliminary account of this work was presented by the au- 
thors at the American Physical Society Meeting in Oak Ridge 
(March, 1950), Phys. Rev. 78, 646 (1950). 


manium converted from n-type to p-type at the mini- 
mum conductance point. After the bombardment was 
stopped the conductance decreased with time in an 
asymtotic manner, reaching a final value somewhat 
larger than the value before bombardment. 

The interpretation of this experiment is, of course, 
that the bombardment first removed the conducting 
electrons through the production of acceptors or traps 
and after conversion to p-type continuously increased 
the concentration of acceptors and thus conducting 
holes. Some of the germanium atoms, after being dis- 
placed from their normal lattice positions by alpha- 
particles, diffused back at room temperature while the 
remainder were fixed in their new positions. From an 
analysis of the data we obtain the following quanti- 
tative results: (1) at first when the bombarded layer is 
n-type, electrons are removed from the conduction 
band at the rate of 78 electrons per alpha-particle, 
(2) after conversion to p-type conducting holes are in- 
troduced at the rate of 8.6 per alpha-particle, and 
(3) 6.6 of these conducting holes decay with a half-life 
of 13 hours at room temperature and the remaining 
2.0 holes are permanent at this temperature. 

After the bombardment and the decay, the dis- 
tribution in depth of the bombardment produced holes 
was determined by removing the outer material, a small 
amount at a time, and measuring the resultant con- 
ductance change. It was found that the density of 
holes is greater near the end of the alpha-particle range 
than close ‘to the surface, the ratio being 2.5. This is 
to be expected since it is similar to that found for alpha- 
particle ionization as a function of range in gases. The 
total range of polonium alpha-particles in germanium 
was measured as 1.9X 10 cm. 


II. REMOVA. OF CONDUCTION ELECTRONS 
IN n-TYPE GERMANIUM 


The general conditions of the experiment are shown 
in Fig. 1. The sample was made from a single crystal‘ 
of high purity m-type germanium having a conductivity 
of 0.125 (ohm cm)~. It was in the shape of a thin rec- 
tangular. plate with the dimensions shown. Ohmic 


4G. K. Teal and J. B. Little, Phys. Rev. 78, 647 (1950). 
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contact was made to the enlarged ends of the sample 
with rhodium electroplating. 

The alpha-particle source was a square polonium 
capsule 0.41 cm on a side. The germanium was placed 
2 cm away from the source so that the alpha-particles 
entered the sample at no greater than 12° from the 
normal. The energy of the particles was 5.3 Mev and 
the experiment was performed in an evacuated chamber 
to prevent any reduction in speed of the particles before 
striking the germanium. The polonium source as cali- 
brated by A. J. Ahearn on April 22, 1949 emitted 
1.82 10° alpha-particles per unit solid angle per hour. 
The actual experiment was performed between March 
21 and March 28, 1949, at which time the activity was 
calculated to be 2.110" alpha-particles per solid 
angle per hour for a polonium half-life of 140 days. 
This corresponds to 1.9X10* alpha-particles per hour 
striking the effective portion of the germanium sample. 

Figure 2 is a plot of the conductance Y in mhos 
(Y=1/R) vs. the time of bombardment for the first 
eight hours of the experiment. It can be seen that the 
conductance first decreased linearly ata rate of 7.2 10-° 
mho per hour, reached a minimum after about three 
hours and then increased slowly thereafter. A test 
with a thermoelectric junction showed that the sample 
changed from u-type to p-type shortly after the mini- 
mum in conductance was reached. 

A theoretical calculation by Bardeen® indicates that 
5.3-Mev alpha-particles penetrate germanium to a 
mean depth of 1.9X10- cm. A major portion of the 
sample, as shown in Fig. 1, was therefore not effected 
and merely contributed a constant conductance in 
parallel with the bombarded layer. Since parallel con- 


~ ductances are additive in this geometry and since we 


are primarily interested in conductance changes this 
contribution was easily handled in the analysis. 

The relation between conductance change dY and 
the change in the total number of conduction electrons 
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Fic. 2. Conductance vs. time characteristic for initial 
eight hours of bombardment. 


5 These calculations were based on the data of M. S. Livingston 
and H. A. Bethe, Rev. Mod. Phys. 9, 245 (1937). 
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Fic. 3. Conductance vs. time characteristic for final 150 hours of 
bombardment and 100 additional hours of relaxation. 


dN, is 
dN.=PdY /eue=2.07X10"4Y, (1) 


where / is the length of the sample, e the electronic 
charge (1.59 10-'* coulomb), and y, the drift mobility 
of electrons in germanium® which has the value 3600 
cm?/volts sec. The similar relation for conduction holes 
dN; is 

dN,=PdY /eu,=4.45X 10"dY, (2) 


where yu, the drift mobility of holes® is 1700 cm?/volt 
sec. 

The initial rate of conductance decrease as shown 
in Fig. 2 is dY/dt=7.2X10-* mho per hour. The rate 
of arrival of alpha-particles as determined by the source 
calibrated is dN,/dt=1.9X10* per hour. Substituting 
these values in Eq. (1) we find that 


dN ./dN.=78 electrons per alpha-particle. 


Thus in the initial stage of the bombardment each 
alpha-particle impact removed, on the average, 78 
conduction electrons from the n-type germanium 
sample. 
This part of the experiment yields data from which 
the approximate depth of penetration of the alpha- 
particles can be calculated. The conductance Y is 
given by 
Y=owd/l, (3) 


where o is the electrical conductivity and /, w, and d 
are the sample length, width, and thickness, re- 
spectively. 

AY=wdAda/I, (4) 
has the value 6.3X10-5 mho as determined from the 
initial value and the minimum value of Fig.’ 2. Ao is the 
difference between the initial conductivity (0.125 
mho/cm) and that of intrinsic germanium at 296°K 
(0.014 mho/cm) or 0.11 mho/cm. If the effect of the 
bombardment is non-uniform the left-hand side of Eq. 
(4) will be less than the right so that 


d=IAY /wAc. (5) 
* Pearson, Haynes, and Shockley, Phys. Rev. 78, 295 (1950). 
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TABLE I. Resistance R and conductance Y of the bombarded 
— sample after etching layers of thickness x from its 
surface. 











x R Y Y (corrected) 
(cm) (ohms) (mhos) (mhos) 

0 2411 4.15X10- 4.1510 
3.50 10- 2502 3.99 3.99 
7.00 2673 3.75 3.79 
10.50 2897 3.45 3.52 
14.00 3270 3.06 3.13 
17.50 3740 2.67 2.76 
21.00 3940 2.54 2.65 








Substitution of the numerical values in this equation 
gives d=1.83X10~ cm, which is consistent with Bar- 
deen’s calculated value of 1.9X10-* cm. In another 
experiment on a similarly bombarded sample the thick- 
ness of the converted #-type layer was found to be 
2.0X 10-* cm by testing with a thermoelectric junction. 

The final calculation to be made from the data of 
Fig. 2 is the average rate of formation of traps plus 
acceptors near the filled band up to the time at which 
p-type conductivity definitely appears which we take 
as four hours. The total number of conduction electrons 
at the start of the experiment can be determined from 
the conductivity relation, 


T= Nefbe, (6) 


where is the number of conduction electrons per cm’. 
Substitution of the numerical values gives n= 2.17 X 10" 
and V.="Xvolume= 1.5 X10" conduction electrons so 


that 
GN (17+)/dN a= (1.5X 10")/(4XK 1.9X 108) = 19. 


Ill. PRODUCTION AND RELAXATION OF 
CONDUCTION HOLES IN p-TYPE GERMANIUM 


After the data shown in Fig. 2 were obtained the 
alpha-particle bombardment was interrupted for 16 
hours. During this period the conductance of the sample 
decreased from 3.02 10~ to 2.9710 mho. A second 
experiment was then performed in which the con- 
ductance of the sample was measured as a function of 
time during additional bombardment of the p-type 
layer for 150 hours after which bombardment was 
stopped and the conductance followed for a relaxation 
period of 100 hours. These data are plotted as experi- 
mental points in Fig. 3. We see that during bombard- 
ment the conductance Y increases rapidly at first and 
then at a slower rate. Finally, after the bombardment is 
stopped, the conductance decreases asymptotically with 
time and approaches a final value of 4.2X10~ mho 
which is somewhat larger than the original value before 
bombardment. . 

It was found that these results could be explained if 
it were assumed that two processes were going on: One 
a production of holes proportional to time of bombard- 
ment, or number of alpha-particles, and another process 
in which the mechanism of hole production was pro- 
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portional to the number of alpha-particles plus the 
additional assumption that this mechanism of hole 
production was decaying with time at a rate propor- 
tional to the number of holes present. Expressed in 
terms of conductance, one then has the two equations. 


dY,/dt=A (7) 
dY./dt=K—bY. (8) 


Integrating these two equations and adding the con- 
ductances we get: 


V=YV,+Y2=YVo+ At+ (K/b)(1—e-**) (9) 


for the equation of the curve during bombardment in 
Fig. 3. An easy way to determine the constants for 
Eq. (9) is to differentiate this equation and note that 


(dY /dt)—A=Ke", (10) 


The circles in Fig. 4 show the experimental data treated 
in this manner, indicating that the assumptions are 
reasonably well justified. 

The critical test is whether the decay, after the 
bombardment is stopped, follows the equation: 


V=Yy'+(K/b)e*t, (11) 


dY /dt=—Ke-*t (12) 


with, of course, the same values of K and 6 as deter- 
mined for Eq. (10). The solid points in Fig. 4 show the 
experimental data obtained during the relaxation period 
treated according to Eq. (12) and it is seen that the 
results before and after bombardment do agree reason- 
ably well. Using the constants determined from Fig. 4, 
namely 6=5.34X 10, K=2.8X 10-6, and A=8.5X1077 
and also Yo=2.97X10~, the solid curve in Fig. 3 has 
been drawn using Eq. (9) during bombardment and 
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Fic. 5. Conductance of sample as successive layers are 
etched from the bombarded surface. 


Eq. (11) after bombardment. The solid curve does not 
fit the experimental points perfectly, but the agreement 
is quite good. It is known from other experiments that 
the fractional part that decays will increase with tem- 
perature and since room temperature during the ex- 
periment did fluctuate from about 22°C during the 
night to 26°C during the day, the agreement is probably 
as good as can be expected. From the above rate of 
decay one can calculate that the 16-hour wait before 
the start of this experiment was fortunately long enough 
for the sample to be reasonably near equilibrium at the 
start, otherwise the results would have been more 
complicated due to the previous bombardment. 

From these values of A and K one gets the figures 
2.0 holes per alpha-particle for that part which does not 
decay at room temperature, and 6.6 holes per alpha- 
particle for the part that decays at room temperature. 
From the value of 5 one gets 5.3410 per hour per 
hole for the rate of this decay which corresponds to a 
half-life of 13 hours. Note that these rates say nothing 
about the number of acceptors themselves, but give 
only the rates for the net number of added and/or sub- 
tracted carriers or holes. 


IV. HOLE CONCENTRATION VS. DEPTH 


The next experiment was to measure the conductivity 
of the specimen as a function of thickness and deter- 
mine the distribution of carriers in the sample as a 
function of depth after the bombardment and subse- 
quent decay.’ This was done by etching away successive 
layers starting from the bombarded side. The numerical 
results are given in Table I. It was necessary to correct 
for the reduction in width as both sides as well as the 
top face were exposed to the etchant. These corrected 
values of Y vs. x are plotted in Fig. 5. In this figure the 
solid straight line represents what the results of such 
an experiment would have been before bombardment. 
The experimental data approach the straight line when 
the amount removed approaches the penetration depth 
of the alpha-particles. Of course, the conductivity from 


7 This iment was suggested by W. Shockley who pre- 
dicted the dis tribution found here. 
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Fic. 6. Holes per alpha-particle per length of range 
as a function of the depth x. 


x=0 to x=1.9X10° is now p-type where it was n-type 
before bombardment. By differentiating the smooth 
curve drawn through the experimental points and con- 
verting from changes in conductivity to changes in 
number of holes per total number of alpha-particles, 
one gets the curve in Fig. 6, giving the number of holes 
per alpha-particle per length of range as a function of 
depth x. The integral under this curve gives the total 
number of holes per alpha-particle as 2.1, which agrees 
reasonably well with the previous value of 2.0 for the 
part that does not decay. A uniform distribution of 
holes would have given a curve in Fig. 6 constant and 
equal to 2 up to 1.9X10~ cm where it would drop to 
zero. A distribution such as that found here is to be 
expected, however, since it is of the same general shape 
as that for alpha-particle ionization in gases. 


V. DISCUSSION 


The experimental results described here are in quali- 
tative agreement with the earlier study of Lark- 
Horovitz.” In addition our analysis of these data yield 
accurate quantitative values for a number of important 
parameters. One of these is the factor 78 for the number 
of conduction electrons removed by each impinging 
alpha-particle during the initial part of the experiment 
when the sample was n-type. This is in good agreement 
with the theoretical analysis of Seitz! which predicts 
59 displaced germanium atoms for each impinging 
alpha-particle, suggesting that each displaced atom re- 
moves one conduction electron either by creating an 
acceptor level or a trap. Seitz’s calculations were for 
5.0-Mev alpha-particles whereas our polonium source 
emitted 5.3-Mev particles. 

Our quantitative results suggest the following con- 
clusions. At the start electrons are removed at the rate 
of 78 per alpha-particle. This process can be due to 
creation of either electron traps or acceptors most 
anywhere in the energy gap between the filled band and 
the conduction band. Such traps or acceptors would 
lower the Fermi level, thus draining out the electrons. 
In fact, this initial result might be expressed in terms 
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of the rate of lowering of the Fermi level. When this 
level has reached the halfway point, the conduction 
process is intrinsic. Now, however, before appreciable 
hole conductivity can occur, the Fermi level must be 
lowered still further to very near the top of the filled 
band. When this happens all the electrons must be in 
traps or acceptors near the top of the filled band. From 
the time at which hole conductivity shows up, about 
four hours in Fig. 2, one concludes that the rate of 
formation of this last group of levels is at least 19 per 
alpha-particle. This is twice the initial value for hole 
production. One can explain the latter fact several 
ways. Each alpha-particle produces 19 acceptor levels 
but they are so far above the filled band that only. half 
of them are ionized to give holes at room temperature 


could be one explanation. The other possible explana- 
tions would involve a combination of electrons traps 
and acceptors near the top of the filled band or a com- 
bination of acceptors and hole traps or some combina- 
tion of all three. The important point is that the p-type 
conductivity due to alpha-particle bombardment is 
not the simple case of the formation of acceptor levels 
each producing a conduction hole at room temperature. 

The authors are indebted to J. Bardeen for assistance 
with the theory, to G. K. Teal for the preparation of the 
single crystal germanium sample, and to P. W. Foy and 
E. G. Dreher who prepared the sample and took many 
of the data. This research was carried out under the 
direction of W. Shockley, who made many suggestions 
during the course of the work. 
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An excitation curve for the 5-Mev neutrons resulting from C bombarded by deuterons has been obtained 
for neutrons emitted at 0°--28° to the direction of the deuteron beam. The curve covers deuteron energies 
from 200 kev to 2.1 Mev. Resonances in the yield were observed at deuteron energies of 0.6, 0.9, 1.55, and 
1.80 Mev with half-widths of 0.1, 0.4, 0.1, and 0.5 Mev respectively. These correspond to excited states 
in the intermediate N"™ nucleus of 16.7, 16.9, 17.47, and 17.69 Mev. 


I. INTRODUCTION 


WO groups of neutrons from the disintegration of 

carbon by deuterons were observed by Bonner 

and Brubaker! in 1936 and were attributed to the 
reaction: : 

CB 4H (N™*) N44 nt+Q), (1) 


By means of cloud-chamber measurements, they ob- 
served Q-values of 1.2 and 5.20.4 Mev respectively 
for the two groups. 

As natural carbon contains 99 percent C” and only 
one percent of the C® isotope, one would expect the 
relative intensity of neutrons from C® to be very weak 
when a natural carbon target is bombarded by deu- 
terons. Using such a target and a methane-filled cloud 
chamber, they observed the relative intensities of the 
5.2- and 1.2-Mev groups from C® and the —0.281 
+0.003-Mev group? from C” to be 1, 3, and 300 
respectively. 

In order to explain the 5-Mev gamma-rays from the 
disintegration of carbon by deuterons, Bennett, Bonner, 


* Supported by the joint ONR-AEC program and by a grant 
from the Research Corporation. 

** Now at The Alabama Polytechnic Institute, Auburn, 
Alabama. 

1 T. W. Bonner and W. M. Brubaker, Phys. Rev. 50, 308 (1936). 

2 Bonner, Evans, and Hill, Phys. Rev. 75, 1398 (1949). 


Hudspeth, Richards, and Watt? looked for a third group 
of neutrons from reaction (1). They obtained a target 
which was enriched to 23 percent of C® and found a 
low-energy group of neutrons with a Q-value of 0.4 
+0.05 Mev. 

A weak group of 50-cm protons from carbon was 
observed by Bower and Burcham,‘ and independently 
by Pollard.’ These protons result from the reaction: 


CBE HE (N®*) C4 44 Op, (2) 


Bennett and Bonner* bombarded a target containing 
23 percent of C® with 1.00-Mev deuterons and found 
the Q value ’of this group of protons to be 6.09--0.2 Mev. 
Using a target enriched to two percent C”, they ob- 
tained an excitation curve for these protons with the 
counter placed at 90° to the direction of the deuteron 
beam. The curve showed a maximum at a deuteron 
energy of 1.55 Mev which may be interpreted as a 
resonance in the yield. This would indicate an excited 
state in the intermediate N" nucleus at 17.47 Mev. 

This group of workers also studied the 5-Mev 
gamma-rays and obtained an excitation curve for 

3 Bennett, Bonner, Hudspeth, Richards, and Watt, Phys. Rev. 
59, 781 (1941). 

4J. C. Bower and:W. E. Burcham, Proc. Roy. Soc. Al73, 379 


(1939). 
SE. Pollard, Phys. Rev. 56, 1168 (1939). 
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deuteron energies from 450 kev to 1.9 Mev. A two 
percent C™ target was used which was 30-kev thick. 
Coincident Geiger-counter measurements were taken 
with an arrangement such that gamma-rays of energies 
below 3 Mev would not produce a coincident count. 
The excitation curve was rising steadily up to a deuteron 
energy of 1.55 Mev. At that point a resonance was 
observed where the curve remained flat and started 
rising again at 1.75 Mev. 

Humphries and Watson* bombarded enriched C® 
targets with 3.82 Mev deuterons and observed two 
groups of protons with Q values of 0.58 and 5.82 Mev, 
respectively. Thus the 5-Mev gamma-rays can be 
explained by either of the above reactions. 

The object of the present experiment was to study 
the high energy group of neutrons from reaction (1) 
using a carbon target containing 48 percent C™. It 
was thought to be practicable to detect this group of 
neutrons by use of a counter filled with 20 atmospheres 
of helium and five percent argon, if the discriminator 
was biased to record only large pulses. 


II. APPARATUS 


The Rice Institute pressure Van de Graaff generator 
was used to accelerate the deuterons. The magnetic 
analyzer,’ used with an electron gun stabilizer,* gave 
an energy spread of the order of one kev when the 
bombarding energy was one Mev. The magnetic 
analyzer, calibrated by gamma-ray resonances in F!°+ p 
and C”-+-d, allowed absolute energies to be known to 
better than 5 kev. 

The targets were prepared from enriched methyl 
iodide which was purchased from the Eastman Kodak 
Company of Rochester, New York. A complete descrip- 
tion of the method used in preparing the targets will be 
published elsewhere. It consists essentially by cracking 
carbon from the methyl iodide vapor onto nickel disks. 
The targets are estimated to be about 20-kev thick for 
1.4-Mev deuterons and contain 52 percent C” and 48 
percent of the C® isotope. This thickness corresponds 
to 60 micrograms of carbon per cm. 

The counter used for deuteron energies above 350 kev 
was a cylindrical proportional counter with a 5-mil 
tungsten wire. The inner diameter of the counter was 
2 inches and the sensitive length of the counter was 
also 2 inches. It was filled with 19 atmospheres of 
helium and one atmosphere of argon and was operated 
at 4000 volts with 5000 volt regulated power supply. 
Pulses from the counter were amplified by a linear 
amplifier and were recorded by a scale of 64. Calcula- 
tions and experimental determinations show the coun- 
ter to have an efficiency of the order of 0.3 percent for 
5-Mev neutrons. 

¢R. F. Humphries and W. W. Watson, Phys. Rev. 60, 542 


(1941). 
m. — Bonner, Mandeville, and Watt, Phys. Rev. 70, 882 


8S. j. Bame, Jr. and L. M. Baggett, Rev. Sci. Inst. 20, 839 
(1949). 
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A “long counter” filled with enriched boron tri- 
fluoride was used as the neutron detector for deuteron 
energies between 200 kev and 450 kev. The counter 
was constructed after that built by Hanson and Mc- 
Kibben.® The pulses from this counter were amplified 
and detected by the same equipment as was used with 
the helium counter. Its efficiency, as determined by a 
standard Po-Be source, was 0.1 percent. 


Ill. EXPERIMENTAL RESULTS 


The enriched C¥ targets were bombarded with homo- 
geneous beams of deuterons of energies ranging from 
200 kev to 2.09 Mev. The helium counter was placed 
at 0°(+28°) to the direction of the deuteron beam. The 
sensitive volume of the counter subtended a solid angle 
of 0.98 steradians to the target. 

Helium nuclei recoiling from neutrons entering the 
counter were counted if the neutron energy was greater 
than 3 Mev. This value was determined by the bias 
setting of a discriminator unit which was a part of the 
scale of 64. Only the high energy group of neutrons 
from reaction (1) should be counted. The maximum 
range in the counter of the highest energy neutrons 
detected was slightly greater than one-tenth of the 
counter diameter. Thus there should be little trouble 
from wall effects. 

For data taken between 200- and 450-kev bombarding 
deuteron energy, the “long counter” was placed as 
close to the target as was possible and subtended a 
solid angle of 2m-steradians to the target. As this 
counter would count low energy as well as high energy 
neutrons, cans containing water saturated with borax 
were used to form a wall between the counter and the 
magnetic analyzer. This served to minimize background 
counts. 
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Fic. 1. Curve (A) is the yield of the high energy neutrons 
observed at 0°+28° from the reaction C¥(d,n)N™. Curve (B) is 
curve (A) divided by the penetrability of the deuterons times 
the square of their wave-lengths. Curve (C) is an enlargement,of 
curve (A) in the region of low deuteron energies. 


* A. O. Hanson and J. L. McKibben, Phys. Rev. 72, 673 (1947). 















TABLE I. Data concerning the resonances. Total cross sections 
were computed assuming spherical symmetry. 











Eo (Mev) Eo (Mev) co Ouse. 

Curve (A) Curve (B) T (Mev) for Q =5.2 Mev 
1) 0.58 0.58 0.1 6.6X 10-3 
(2) 0.90 0.85 0.4 2.4X107 
(3) 1.55 1.55 0.1 6.310 
(4) 1.80 1.78 0.5 8.0X 107 








For deuteron energies above 500 kev, over 3000 single 
neutron counts were taken for each point of the curve. 
For points below 500 kev, about 1500 neutron counts 
were taken. The background was determined by means 
of a target chamber containing two targets. One was 
the enriched C® target and the other was a silver blank. 
The positions of the two were controlled externally by 
a small magnet so that either could be moved into the 
path of the deuteron beam. 

The background with the helium counter was found 
to be less than 10 percent of the total number of counts 
for deuteron energies above 600 kev and became 
increasingly smaller as the deuteron energy increased. 
For points taken with the “long counter,” the back- 
ground remained at about 40 percent over the small 
range of deuteron energies covered. An equal number 
of counts were taken with the silver blank in the path 
of the deuteron beam as with the C® target. 

A small Geiger-counter shielded by 1.85 cm of lead 
was used to count the gamma-rays. All gamma-rays 
from the C” and the C® reactions were counted as no 
precautions were taken to count only gamma-radiation 
of a single energy. The excitation curve was consistent 
with the results of Bennett and Bonner. 

The excitation curve for the high energy neutrons 
from reaction (1) is shown as curve (A) of Fig. 1. An 
enlargement of the low energy region is also given as 
curve (C). Curve (A) indicates several pronounced 
resonances. Since the cross section for disintegration, 
as given by the Breit-Wigner formula, is strongly 
influenced by the barrier penetration of the deuteron, 
the observed cross sections have been divided by the 
product of the penetrability of the deuterons times the 
square of their wave-length. The resulting curve (B) 
should show the true resonance shapes if the interference 
between neighboring resonances is negligible. 


IV. CONCLUSIONS 


The excitation curve for the 5-Mev neutrons from 
the C¥(d,n)N™ reaction shows resonances at four 
deuteron energies. The deuteron energy at resonance, 
Ep, as estimated from the two curves of Fig. (1), is given 
in Table I. The half-widths of the resonances and the 
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cross sections at these energies, calculated from the 
experimental arrangement, are also given. Because of 
uncertainties in absolute neutron intensities, the cross 
sections are not very precise and may be in error by as 
much as 50 percent. 

Curves (A) and (B) show that there is a very small 
shift of the peaks in the resonance curves because of 
changing deuteron penetrability for resonances with 
widths of this order of magnitude. The resonances 
correspond to excited states in the intermediate N™® 
nucleus of 16.7, 16.9, 17.47, and 17.69 Mev. 

Since the 5-Mev gamma-rays, the 50-cm protons and 
the 5-Mev neutrons all show a resonance at 1.55 Mev, 
there are three competing processes at this energy. 
The resonances at 0.9 Mev and 1.8 Mev were not 
observed for the long range protons. This is difficult 
to understand since the neutrons and protons have 
comparable amounts of energy and it is possible for 
the compound nucleus, in a particular state, to break 
up either way and conserve angular momentum and 
parity. It is possible that the long range protons 
observed at 0°, instead of 90°, would show similar 
resonances. It would be very puzzling if reactions (1) 
and (2) were not competitive. 

Data taken with the “long counter” showed the 
yield of neutrons to have a very slow rise between 200 
and 300 kev, and then to start rising more rapidly for 
deuteron energies above 300 kev. When corrected for 
penetrability and energy, the curve shows a steep rise 
as the energy decreases in the neighborhood of 200 kev. 
As this counter has a flat response over a wide range 
of energies, neutrons from other sources could be 
counted. The yield of neutrons from reaction (1) is 
very low in the energy region between 200 and 300 kev, 
and although this is below the threshold for C” neu- 
trons, those from the deuteron on deuterium reaction 
may have caused a large percentage of the counts. 
Between 200 and 300 kev, curve (A) is rising only 50 
percent faster than does the deuterium plus deuteron 
yield over this energy range.!® For deuteron energies 
greater than 300 kev, curve (A) rises much more rapidly 
than does the D(d,n)He’ reaction." Thus it seems to be 
likely that most of the neutrons counted below 300 kev 
were due ‘to deuterium contamination, although the 
possibility of another resonance in this region cannot 
be ruled out. 

The author wishes to thank Professor T. W. Bonner, 
Dr. G. C. Phillips and Professor J. R. Risser for help 
and advice during the course of this work. 


10 R. B. Roberts, Phys. Rev. 51, 810 (1937). 
1 Bennett, Mandeville, and Richards, Phys. Rev. 69, 418 
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sidered to be reliable to approximately +2 percent. 





The Total Scattering Cross Section of Neutrons by Hydrogen and Carbon* 


E. E. Lampt, G. D. Freimr, anp J. H. WILLiAMs 
University of Minnesota, Minneapolis, Minnesota 
(Received August 14, 1950) 


The total cross sections of hydrogen and carbon for neutrons has been determined by measuring the 
transmission of polythene and graphite scatterers for neutrons with energies 0.798, 1.078, 1.340, 1.578, 
4.92, and 4.97 Mev. The correction for the finite geometry of the experiment was made by measuring the 
cross section as a function of the scatterer area and extrapolating to zero area. The cross sections are con- 











I. INTRODUCTION 


HE scattering of neutrons by protons is of prime 

importance in the study of the interaction between 
these fundamental particles. The total cross section 
has been measured by a number of investigators, but 
the data have not been accurate enough for an evalua- 
tion of the constants for the potential functions which 
describe the nuclear scattering. 

The work of Bailey e¢ a/.' as analyzed by Bohm and 
Richman* showed that the interaction between the 
neutron and proton could not be represented by a 
square well potential of radius e?/mc? and depth deter- 
mined by the binding energy of the deuteron for the 
triplet interaction and the thermal cross section for 
the singlet interaction. 

In terms of Schwinger’s shape independent approxi- 
mation analysis** the values of the singlet scattering 
length, triplet scattering length, and triplet effective 
range have been fairly accurately determined. A deter- 
mination of the total scattering cross section in the 0.5- 
o 5-Mev energy range would then give the singlet 
effective range. .An accuracy of +1 percent in the 
measurement of the total cross section is necessary in 
order to obtain an evaluation of the singlet range to 
+0.5X 10—* cm without allowance for the error in the 
triplet effective range. A comparable accuracy is also 
necessary in the measurement of the neutron energy. 



















II. EXPERIMENTAL METHOD 


The total cross section, o;, of a scatterer can be 
defined in terms of the transmission for neutrons by 
the expression 

(1) 


where T is the transmission and mx is the number of 
atoms per sq. cm of the scattering sample. The trans- 
mission is given by 


T=(Ni—Ns)/(No—Nza), (2) 


where J, is the number of neutrons transmitted by the 







T=exp(—nxo;) 








* This research was done under the partial support of the ONR. 
1 Bailey, Bennett, — Nucholls, Richards and Williams, 
Phys. Rev. 70, 583 ‘(19 46). 
2D. Bohm and C. Richman, Phys. Rev. 71, 567 (1947). 
3 J. M. Blatt and J. D. Jackson, Phys. Rev. 76, 18 (1949). 
4H. A. Bethe, Phys. Rev. 76, 38 (1949). 








scatterer. Vo is the number of neutrons counted with 
no scatterer and Vz is the background count determined 
with a 3 inch by 8 inch paraffin cylinder between the 
source and detector. Because the radiative capture 
cross section is small, we assume that the measured 
cross section is the elastic scattering cross section. 

The geometry of the source, scatterer, and detector 
is shown in Fig. 1. The measured transmission will be 
greater than the true value since the detector subtends 
a finite solid angle at the scatterer. Consider the source 
to be of strength Q per unit solid angle. The number of 
neutrons with no scatterer is given by 


Qwqaés, (3) 


where wa is the solid angle subtended by the detector 
at the source, and ¢, is the efficiency of the detector. 
With a scatterer in position the number of neutrons 
detected will be 

(1— To) Qwgswsate 


T0Qweaeit ? 
An 





(4) 


where 7» is the true transmission of the scatterer, €2 is 
the efficiency of the detector to neutrons which have 
been scattered through a small angle but still reach 
the detector, w.q is the solid angle subtended by the 
detector at the scatterer measured in the center-of-mass 
system of coordinates, and wg, is the solid angle sub- 
tended by the scatterer at the source. The measured 
transmission, 7, is then given by 


1—T¢ WasWsd€2 
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To \ 42rawgaei 
The correction term could be evaluated with some 
assumption of the angular distribution of the scattered 


neutrons and a determination of the dependence on 
energy of the peri of the neutron detector. A 
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Fic. 1. Geometry of source, scatterer, and detector. 
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AREA OF SCATTERER IN CM® 


Fic. 2. Cross section of polythene at 0.807 Mev as a function 
of scatterer area. Dashed curve is for 20 cm and full curve for 
40 cm scatterer-detector distance. 


simple expression of the measured cross section, o:, can 
be obtained by substituting Eq. (5) into (1). If the 
correction is considered to be small compared to unity 
in the expansion of the logarithm, the cross section is 


given by 
1 1—To\ wea@eA, 
cmon ( ) | (6) 
NX To AtrweaaiLy? 


where A, is the area of the scatterer, and L; is the 
distance from the scatterer to the source. This equation 
shows that the measured cross section is a linear 
function of the area of the scatterer. In order to deter- 
mine the true cross section for a given E,, we have 
measured the cross section for three areas of scatterer 
and extrapolated a straight line to zero area by least 
squares. 

The scatterers were disks of polythene, CsHi2, and 
carbon graphite. The polythene was obtained from 
E. I. duPont deNemours and Company. They reported 
that the hydrogen-carbon ratio was 2.00 as closely as 
could be measured and that there were only traces of 
impurities present. The carbon graphite was obtained 
from the National Carbon Company. 

The number of atoms per cm* was determined from 
the density, the atomic weights as given in the Segré 
chart of nuclear properties, and the value of Avogadro’s 
number, taken to be 6.025110". The consistency for 
a large number of scatterers showed that number of 
atoms per cm* could be measured to 0.1 percent. 





Ill. MEASUREMENT OF NEUTRON ENERGY 


The source of 0.798- to 1.578-Mev neutrons was the 
reaction 


Li’+H'—Be’+n+(Q. (7) 


The neutron source for 5-Mev determination was the 
reaction : 
D+ D°—He?+n+(. (8) 


The University of Minnesota Van de Graaff generator 
provided monoenergetic protons and deuterons up to 
3.6 Mev. The voltage of the generator was measured 
and controlled by means of an electrostatic analyzer 


FREIER, AND WILLIAMS 


described by Hanson.® The threshold of reaction (7) 
was used as a reference for the calibration of the gener- 
ator energy scale. We have taken it to be the value, 
1.882 Mev, given by Herb ef al.® The linearity of our 
analyzer was checked by measuring the value of the 
Li’(p,m)Be’ threshold for molecular ions. Within the 
accuracy of our experiments this was twice the value 
determined for atomic ions. 

The lithium was evaporated on a thin tantalum cap 
of a rotating target. The lithium target thickness was 
measured by the method described by Taschek and 
Hemmindinger.’ 

The source for neutrons from the D-D reaction was 
similar to the gas target described by Hanson, Taschek, 
and Williams* with a 0.0001-inch thick nickel foil 
separating the deuterium gas from the vacuum. 


IV. DETECTION OF NEUTRONS 


The neutrons were detected by counting recoil pro- 
tons from a paraffin radiator inside the front face of an 
argon filled ionization chamber. The chamber was 5 cm 
in diameter and 9 cm long. It was filled with a 97 
percent argon and a 3 percent methane mixture at 
1-atmos. pressure. The ionization pulse was collected 
on a concentric cylinder 2.5 cm in diameter. The 
amplifiers were similar to the Los Alamos type 100. 


The pulses were counted with scaling circuits described — 


by Higginbotham,.Gallagher, and Sands.° 
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Fic. 3. The function K cot!5= —(1/a,)+4r,K? plotted against 
incident neutron energy in the laboratory system of coordinates. 
The singlet scattering contribution to the measured total scat- 
tering cross section is calculated on the assumption that the 
triplet scattering length is 5.39 10—" cm and the triplet effective 
range is 1.73X10- cm. The value of a,, the singlet scattering 
length, is taken as —23.68X10— cm. The slopes of the straight 
lines correspond to values of the effective singlet range of 3X 10—%, 
2.7X 10-8 and 0X 10—" cm. 


5 A. O. Hanson and D. L. Benedict, Phys. Rev. 65, 33 (1944). 

6 Herb, Snowden, and Sala, Phys. Rev. 75, 246 (1949). 

7R. Taschek and A. Hemmindinger, Phys. Rev. 74, 373 (1948). 
as ~ ae Taschek, and Williams, Rev. Mod. Phys. 21, 635 
ii Higginbotham, Gallagher, and Sands, Rev. Sci. Inst. 18, 706 














TOTAL SCATTERING CROSS SECTION 


TABLE I. Total cross sections of hydrogen and carbon. 








Carbon 
cross section 


2.85+0.04 barns 
2.78+0.13 
2.82+0.07 


Average carbon 
cross section 


Hydrogen 
cross section 


4.81+0.16 barns 
4.74+0.11 
4.77+0.08 


4.10+0.06 
4.06+0.06 
4.06+0.11 
4.13+0.08 


3.66+0.06 
3.650.06 


3.380.08 
3.350.08 
3.230.06 


1.640.04 
1.56+0.04 


Average hydrogen 


Neutron energy cross section 


0.798-+-0.008 Mev 
0.807 0.008 
0.807+0.008 
0.798-+0.008 
1.078-0.010 
1.078+0.010 
1.078+0.010 
1.078+0.010 
1.078+0.010 
1.340+0.011 
1.340+0.011 
1.340+0.011 
1.578+0.013 
1.578+0.013 
1.578+0.013 
1.578+0.013 
4.92 +0.14 
4.97 +£0.14 


ed 
i=] 
3B 





2.82+0.07 barns 4.79+0.11 barns 


2.560.05 


2.55+0.06 


2.24+0.04 
2.27+0.05 


1.99+0.04 
2.03+0.04 
1,940.04 


1.36+0.04 
1.34+0.03 


2.550.05 4.09+0.08 


Ceo NAME WHR 


2.26+0.04 3.66+0.06 


1.99+0.04 
1,360.04 
1.34+0.03 


3.32+0.07 
1.64+0.04 
1,560.04 








V. PROCEDURE 


The scatterers were supported on fine wires halfway 
between the source and the detector. The detector was 
placed 40 cm from -the target at zero degrees to the 
direction of the proton beam. The neutrons were 
monitored with a paraffin-covered, boron trifluoride- 
filled, proportional counter placed about 200 cm from 
the source. 

At the beginning of each day’s run all the scatterers 
were aligned with respect to the detector. The analyzer 
zero setting was adjusted, and then the analyzer voltage 
was set to give the desired proton or deuteron energy. 
The following sequence of runs was taken for a deter- 
mination of the hydrogen cross section: a background 
run, a run with no scatterer, a run with each of three 
polythene scatterers of different diameter, another run 
with no scatterer, and a run with each of two carbon 
scatterers of different diameter. From these data a 
polythene and a carbon cross section was calculated 
for each size of scatterer. The mean values were extra- 
polated to zero area of scatterer to obtain the true 
polythene and carbon cross section. The value o1(H) 
was obtained from the above results by taking 


o10(H) = $Lo1(polythene) — o10(c) J. (9) 


Since the lithium target collected a carbon deposit 
during bombardment, the carbon thickness was meas- 
ured by determining the shift in the threshold voltage 
for reaction (7) immediately after the target was made 
and then after completion of the data for one energy. 
One-half of the average energy loss in the Li target 
was subtracted from the nominal energy of the incident 
proton beam. ° 

The geometry correction was checked by increasing 
the distance from the source to the scatter from 20 cm 
to 40 cm. ‘The cross section of polythene as a function 
of scatterer areas at a neutron energy of 0.807 Mev is 
shown in Fig. 2. 


The data taken with the deuterium gas target 
required a correction for the neutrons emitted by the 
slit surfaces and other parts of the target assembly 
that were bombarded by the deuteron beam. In order 
to evaluate this effect the deuterium target was filled 
with hydrogen gas to one atmosphere pressure, and 
runs were taken with the paraffin cylinder, with the 
2.25-inch diameter polythene scatterer, with the 2.75- 
inch carbon scatterer, and with no scatterer. These 
counts were normalized and subtracted from the counts 
obtained with deuterium gas in the target. This back- 
ground was approximately 9 percent of the counts with 
deuterium as a target. 

When several determinations of o4 were made with 
the same proton energy, the neutron energies would 
not, in general, be exactly equal because of different 
lithium target thickness or different electrostatic ana- 
lyzer calibration. For purposes of comparison, the 
values of total cross section were interpolated to one 
value of neutron energy by assuming that the cross 
section varied as E-}. In most cases this correction 
was 3 percent or less. 

Since this work was done, several investigators!*-” 
have found a second group of neutrons in reaction (7) 
arising from an excited state of the Be’ nucleus 430 kev 
above the ground state. The intensity of the second 
group is approximately 10 percent of the main group 
in our energy range. Our proton recoil ionization cham- 
ber detector had a threshold of approximately 0.5 Mev 
so that the low energy group was biased out at neutron 
energies of less than 1 Mev. At energies greater than 
1 Mev our data have been corrected for the presence 
of this low energy group. The correction was approxi- 
mately 1 percent for these higher energies. There is some 
uncertainty in these corrections because we lacked exact 


( os. C. Grosskreutz and K. B. Mather, Phys. Rev. 77, 580 
19 
( 11 Johnson, Laubenstein, and Richards, Phys. Rev. 77, 413 
1950). 

12 Tecier, Rosen, and Stratton, Phys. Rev. 79, 239 (1950). 
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knowledge of the energy dependence of the sensitivity 
of our detector. 


VI. RESULTS 


Values of oi, the total cross section for a neutron 
energy E,, are given in Table I. The statistical uncer- 
tainty in om was calculated from the extrapolation 
formula and the reproducibility of the cross section for 
each scatterer during the run. The probable errors 
assigned to the cross section include the uncertainty in 
the background count and the uncertainty in the 
correction for the low energy group of neutrons. 

The data have been analyzed by Schwinger’s shape 
independent method described by Blatt and Jackson*® 
and by Bethe.‘ To calculate the triplet scattering cross 
section, we have used Hughes’® value of —3.75X10-* 
cm as the coherent scattering amplitude, 20.36 barns 
as the zero energy neutron proton scattering cross 
section, and 2.23 Mev as the binding energy" of the 
deuteron. In terms of this shape independent approxi- 

18 Hughes, Burgy, and Ringo, Phys. Rev. 77, 291 (1950). 

14 Melkonian, Rainwater, and Havens, Phys. Rev. 75, 1295 


(1949). 
16 R, E. Bell and L. G. Elliot, Phys. Rev. 74, 1552 (1948). 


mation the effective range and scattering length are 
1.73X 10—* cm and 5.39X 10—* cm, respectively for the 
triplet interaction. The value of the singlet scattering 
length is —23.68X10-" cm. The singlet scattering 
cross section was obtained by subtracting the triplet 
contribution from the total cross section. The values 
of the phase shift function, K cot'd for the singlet 
interaction were, calculated from the singlet scattering 
cross section and are shown as a function of neutron 
energy in Fig. 3. The singlet effective range for the 
neutron proton interaction appears to be approximately 
equal to the proton-proton effective range‘ of 2.7 10-* 
cm. One can then infer, to within the accuracy of the 
above experiments, the charge independence of nuclear 
forces in the energy range up to 5 Mev. 

We wish to express our thanks to Mr. M. Fulk for 
assistance in taking the data. 

This research was assisted by the University of 
Minnesota Technical Research Fund subscribed to by 
General Mills, Inc., Minneapolis Star Journal and 
Tribune Company, Minnesota Mining and Manu- 
facturing Company, and Northern States Power 
Company. 
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Pressure Measurement in Superflow 


R. Bowers, B. S. CHANDRASEKHAR, AND K. MENDELSSOHN 
Clarendon Laboratery, Oxford University, England 


(Received July 24, 1950) 


The pressure of flowing liquid HeII has been measured in the capillary link as well as on its ends. Flow 
under gravitational and thermal potential has been studied in narrow slits and tubes packed with fine powder. 
On the basis of ordinary pressure measurement the results are not consistent and it is concluded that the 
definition of “pressure” in superflow requires additional parameters. 


I. INTRODUCTION 


HE experiments on liquid HelII have disclosed the 
existence of a peculiar type of flow which has not 

been observed in any other fluid. The main character- 
istic of this “superflow” seems to be the disappearance 
of viscous dissipation of energy. Linked with this is 
often the phenomenon of pressure independent flow 
which is completely free of friction. However, the first 
condition is evidently the more general one since, as the 
present work shows, there exist cases in which superflow 
is accompanied by a loss in kinetic energy. The situation 
is unfortunately complicated by the fact that liquid 
Hell in bulk seems to exhibit superflow and ordinary 
viscous flow side by side and that it is usually difficult 
to separate the two components of the transport mecha- 
nism. In first approximation the flow phenomena can be 
interpreted by means of a semi-empirical “two-fluid 
model’ which treats the liquid as an interpenetrating 


1L. Tisza, Nature 141, 913 (1938). 


mixture of a normal and an anomalous component, the 
relative concentration of which varies with temperature. 
The question as to whether or not there exists any theo- 
retical justification for such a concept must be left open, 
but it is already clear that in spite of the general success 
of the two-fluid model it cannot be applied in this simple 
form to some of the observed facts. In particular, most 
of the results on capillary flow near the lambda-point** 
cannot be represented as a simple superposition of 
viscous and frictionless flow. 

A simplification of the flow phenomena can be 
achieved experimentally by decreasing the diameter of 
the flow channel and thereby suppressing the viscous 
component. Pure frictionless flow is observed in film 
transfert and these results are closely approximated by 

ae F. Allen and A. D. Misener, Proc. Roy. Soc. A 172, 467 
+4 "Bowers and K. Mendelssohn, Proc. Roy. Soc. A (to be 
published). 

(1 i Daunt and K. Mendelssohn, Proc. Roy. Soc. A 170, 423 
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the flow in very narrow capillaries.? In all of these ex- 
periments the flow rate was found to be independent of 
the length of the flow channel and of the pressure differ- 
ence at its ends, but flow through a tube closely packed 
with fine powder? was clearly pressure dependent. This 
discrepancy shows that the “pressure” in superflow may 
not be a straightforward concept and requires further 
elucidation. Pressure measurements were therefore 
carried out on these two types of superflow. 


Il. METHOD 


In the conventional type of flow experiment two 
volumes of liquid A and B are connected by a capillary 
link C (Fig. 1) and the mass of liquid transported per 
unit time through C is determined in relation to the 
pressure difference p4— pz. The flow experiments on 
Hell have so far been carried out in the same manner 
but it is clear that in the case of pressure independent 
flow determinations of the pressure at the ends of the 
capillary link are insufficient. We have therefore also 
measured’ the intermediate pressure p; at a point J in 
the capillary link between A and B. Care was taken in 
all experiments to make the dimensions of the apparatus 
so that 7 was not falsified by the Bernoulli force. 

The experiment was varied in two different ways. The 
flow was studied on: 


(a) narrow slits or channels; and 
(b) channels tightly packed with fine powder. 


The pressure under which the flow took place was pro- 
duced by: 


(1) gravitational potential; and 
(2) thermal potential. 


Two types of slit were used, one in the form of a 
conical joint and the other between two optically flat 
glass plates (Fig. 2a, b). In each case the slit was divided 
into two lengths by means of a groove to which a narrow 
side tube was connected. The pressure at the ends of C 
was then given by the height of the helium levels in the 
experimental vessel and the bath while the intermediate 
pressure was indicated by the level in the side tube. The 
present paper deals only with the narrowest slits pro- 
duced in this way which were of the order of 1 to 5X 10~ 
cm. The general arrangement for the experiments with 


pe 














A T 
Cc 


Fic. 1. Scheme of measurements. 
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Fic. 2. Experimental arrangements. 


packed channels (Fig. 2c) was similar, except that the 
slits were replaced by glass or metal tubes into which 
jewellers rouge was pressed tightly. While the results on 
slits differed from those on packed channels those in 
each of the two groups were completely consistent in 
themselves. 

The experiments were carried out in: a combined 
liquefier-cryostat® in which the helium is free from con- 
tamination’ and the heat influx is reduced to a mini- 
mum. The light used in the observations was supplied 
by a 12-watt bulb at one meter distance from the 
cryostat and passed through screens of copper sulfate 
solution in water, liquid air and liquid hydrogen. Under 
these conditions the total evaporation from the helium 
cryostat was 2 cc of liquid per hour. All measurements 
described here were carried out at ~1.3°K where 
the rate of superflow is practically independent of 
temperature. 


Ill. RESULTS 


Under equilibrium conditions the levels in the helium 
vessel and in the bath adjusted themselves to equal 
height while the position of the side level was ~1.5 mm 
higher owing to surface tension forces. In the experi- 
ments under gravitational potential the vessel was 
partly lifted out of the bath and the change with time 
of its level and that in the side tube were noted. In the 
case of slits (Fig. 3, 1a) the drop in the vessel was almost 
linear, showing that the flow was, in first approximation, 
pressure independent. The side level fell rapidly im- 
mediately on lifting and adjusted itself to the height of 
the bath level. The side level also took up the position 
of the bath level when the direction of the flow was 
reversed. Thus, as was expected® in the case of pressure 
independent flow, the total pressure drop was concen- 
trated at the narrowest part of the slit. In the present 
case the ratio of resistances to ordinary laminar flow 
between the two parts of the slit was ~1:4, but in 
similar experiments on narrow channels ratios of ~1:2 


6 J. G. Daunt and K. Mendelssohn, J. Sci. Inst. 25, 318 (1948). 
7R. Bowers and K. Mendelssohn, Nature 163, 870 (1949). 
8 K. Mendelssohn, Proc. Phys. Soc. London 57, 371 (1946). 
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Fic. 3. Pressure distribution: (1) under gravity, (2) under thermal 
potential, (a) in slits, (b) in tubes packed with powder. 


were used and even under these conditions the whole of 
the pressure drop occurred in the slightly more con- 
stricted channel. 

The flow through powder (Fig. 3, 1b) is completely 
different, the rate depending on (p4— pz)! which indi- 
cates turbulence. The dissipation of kinetic energy is 
clearly not an end effect but takes place over the length 
of the powder tube as is shown by the position of the 
side level taking up an intermediate position. Compari- 
son experiments above the lambda-point showed that 
the flow of Hel is more than 500 times smaller, which 
means that the dissipation cannot simply be caused by 
the viscosity of the ‘‘normal” component of liquid HeII. 
Estimates’ of the viscosity of this component vary at 
~1.3°K between 0.8 and 0.1 of that of Hel but a factor 
0.002 seems to be quite inadmissable. The type of trans- 
port in the packed tubes therefore is evidently pressure 
dependent but non-viscous and might be described as 


® F, London, Phys. Soc. Camb. Conf. Rep. 2, 1 (1947). 
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turbulent superflow. Thus this observation also seems 
to contradict the two-fluid model in its simple form. 

For the observations on flow under thermal potential 
heating coils were inserted into the helium vessels and 
the small apertures at the top were sealed off. In this 
case the results on slits and packed tubes were identical 
(Fig. 3, 2a and b). On application of a steady heating 
current the level in the helium vessels was found to rise 
and ultimately to reach a constant thermo-mechanical 
pressure.!° In all cases the side level remained constant 
at the height of the bath. 


IV. CONCLUSIONS 


The four experiments illustrated in Fig. 3 present a 
curious inconsistency. They show that in superflow the 
intermediate pressure ~; is not determined unambigu- 
ously by the pressures p, and pz at the ends of the tube. 
In the cases 1a, 2a, and 2b for any given value of 
pa pp, pr is equal pg but in 1b, pa>pr> pp. The in- 
consistency remains even when a distinction is made 
between hydrostatic and thermo-mechanical pressure. 
On the basis of such a distinction one can argue that 
the flow in 2a and b takes place under zero hydrostatic 
pressure. However, then we are faced with the difference 
between cases la and 1b together with the fact (from 
2b) that the powder tube can carry flow under zero 
hydrostatic pressure. Taking the discrepancy between 
cases 1b and 2b we must conclude that for a given flow 
velocity a pressure gradient may or may not exist along 
the tube. It thus appears that, in contradistinction to 
ordinary flow, the intermediate pressure is not simply 
a function of the end pressures but requires for its 
determination one or more additional parameters. 


10 J. F. Allen and J. Reekie, Proc. Camb. Phil. Soc. 35, 114 
(1939); L. Meyer and J. H. Mellink, Physica 13, 180 (1947). 
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Measurements of heat flow in the supercenductive and in the normal state have been carried out on pure 
lead and lead containing a small quantity of bismuth. The heat conduction has been measured in its de- 
pendence on magnetic field and temperature. The alloy shows a smaller heat conduction in the intermediate 
state than in either the superconductive or the normal state. This anomalous behavior is taken to indicate 
the existence in superconductors of a type of heat transport similar to that observed in liquid Hell. 





I. INTRODUCTION 


ECENT measurements on the heat transport in 
superconductors! have revealed the existence of 

two competing processes responsible for the variation 
of heat flow with temperature. One is the progressive 
passage of electrons into the superconductive state as 
the temperature is lowered. Since the ‘‘superconductive 
electrons” have zero entropy’ they cannot take part in 
the ordinary heat conduction process and the heat flow 
through the metal is consequently decreased. This 
mechanism, in which at any given temperature below 
the transition point the heat conductivity of the super- 
conductive metal is smaller than in the normal state 
(which can be re-established by a magnetic field), is 
dominant in pure metals."* In certain alloys on the 
other hand the superconductive state conducts heat 
better than does the normal one. Intermediate cases in 
which the curves for the normal and the superconductive 
heat flow intersect at some temperature below the 
transition point have been observed in columbium! and 
in pure lead to which controlled quantities of bismuth 
had been added.‘ Thus a second type of heat transport 
which opposes the reduction in heat flow mentioned 
above clearly exists, but its cause is not so certain. We 
have tentatively put forward the explanation"® of a 
circulation current of electrons within the metal which 
somewhat resembles the heat transport in liquid Hell. 
One can think of a flow of superconductive electrons 
towards the warm end of the specimen which is compen- 
sated electrically by the return flow of normal electrons. 
Since in the pure superconductive metal the magnetic 
induction must be zero, this return current is pro- 
hibited. In a superconductive alloy, on the other hand, 


’ where as is well known the induction is different from 


zero “normal” return currents are possible. Their forma- 
tion will even be facilitated because there are indications 
that the electrical conductivity of the normal enclosures 
in the metal is exceptionally high. An alternative ex- 
planation for the high heat conductivity in certain 
1K. Mendelssohn and J. L. Olsen, Proc. Phys. Soc. London A 
63, 2 (1950). 
1946)" Daunt and K. Mendelssohn, Proc. Roy. Soc. A 185, 225 


8 W. J. de Haas and A. Rademakers, Physica 7, 992 (1940). 
*K. Mendelssohn and J. L. Olsen, Proc. Phys. Soc. A63, 1182 


(1950). 
6K. Mendelssohn, Royal Coll. Sci. J. 16, 105, (1946). 


superconductors has been suggested by Hulm® who con- 
siders that the lattice conduction may be increased 
when the metal becomes superconducting. Recent ex- 
periments on controlled impurities‘ however show that 
such a mechanism, though it may well exist, would be 
inadequate to account for the observed heat flows. In 
most researches the heat conductivity has been meas- 
ured as it depends on the temperature but further in- 
formation can be gained when these observations are 
supplemented by measurements of the heat conduction 
in its dependence on the magnetic field.” Such measure- 
ments have now been carried out on pure lead and lead 
with a small quantity of bismuth. 


Il. METHOD 


The specimens used were cylindrical rods along which 
a temperature gradient of ~0.1° per cm or less was 
established. At two places along the specimen, about 2 
cm apart, gas thermometers were attached without the 
use of solder and the temperature measured differen- 
tially. The lead specimen was prepared from Johnson 
Matthey HLS. lead (laboratory number 1932) with an 


impurity content of less than 0.002 percent. The alloy 


specimen was prepared from the same metal to which a 
small quantity (~0.02 percent) of very pure bismuth 
from the same source had been added. A homogeneous 
magnetic field could be established in the direction of 
the specimen or normal to it. Heat was supplied elec- 
trically to one end of the specimen while the other end 
was firmly attached to the helium container of an ex- 
pansion liquefier. By carefully regulating the escape of 
helium gas this apparatus could be used as a thermo- 
stat between the temperatures of liquid hydrogen and 
liquid helium.*® Below the boiling point of helium the 
device was thermostated through the vapor pressure of 
the liquid. 


Ill. RESULTS 


Figure 1 gives the change of the heat conduction of 
the pure lead specimen with a longitudinal magnetic 
field. The mean temperatures for the two. experiments 
were 4.6°K and 2.7°K. The values of magnetic field at 


6 J. K. Hulm, M.I.T. Conf. Very Low Temp., (1949), P- 90. 

7K. Mendelssohn and R. B. Pontius, Phil. Mag. 24, 777 (1937). 

8D. K. C. MacDonald and K. Mendelssohn, Proc. Roy. Soc. A 
202, 103 (1950). 
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which the change occurs are in fair agreement with the 
threshold values Hc for the electrical resistance.® As this 
value is reached and the specimen changes from the 
superconductive into the normal state the heat conduc- 
tivity rises suddenly; a similar change in the reverse 
direction is observed on reducing the field. There is a 
very small amount of hysteresis between the two curves; 
this is slightly more pronounced at the lower tempera- 
ture. However, as on the return curve the field is again 
reduced to zero the value of the heat conductivity is 
sensibly the same as before superconductivity was de- 
stroyed. Observations in transverse magnetic fields yield 
similar results except that the transition was, of course, 
gradual between $Hc and He. 

The addition of a very small quantity of bismuth 
(~0.02 percent) affects the absolute value of the heat 
conduction but the character of the transition at a rela- 
tively high temperature is hardly influenced. Figure 2 
gives the longitudinal and the transverse transitions of 
this specimen a little above 5°K. The change in heat 
conduction again agrees well with that of electrical re- 
sistance and the hysteresis is still small. After super- 
conductivity was destroyed and the field reduced to 
zero the conductivity is now actually slightly higher 
than originally. 

The situation changes completely, however, as the 
temperature is lowered. Figure 3 shows the longitudinal 
and transverse transition curves for the same specimen 
at ~2.9°K. As the field is increased and superconduc- 
tivity is destroyed there is again a sharp increase in the 
longitudinal case; however, on decreasing the field the 
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Fic. 1. Heat conductivity of pure lead; variation with longi- 
tudinal magnetic field. Full line: field increasing; broken line: field 
decreasing. 


(19 Ne Daunt and K. Mendelssohn, Proc. Roy. Soc. A 160, 127 
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Fic. 2. Heat conductivity of Pb Bi 0.02 percent; variation with 
magnetic field. Full line: field increasing; broken line: field 
decreasing. 


heat conductivity now falls well below the original value 
and at zero field the heat flow through the specimen in 
the superconductive state is 22 percent lower than at 
first. An even more striking behavior is exhibited on the 
destruction of superconductivity by a transverse field. 
The heat conduction remains constant until a field of 
about $Hc is reached and then begins to fall to a mini- 
mum value well below the heat flow in either the super- 
conductive or the normal state. On further increasing 
the field the heat conductivity rises again until the 
normal value is reached at Hc. On returning the speci- 
men into the superconductive state by reducing the 
field a monotonic fall of the heat conduction similar to 
that of the longitudinal case takes place. 

Further information on this effect is provided by the 
observations of the heat conduction of this specimen in 
dependence on temperature given in Fig. 4. It is clear 
that the curve for the normal state is the continuous 
one. The curve for the superconductive specimen de- 
parts at a large angle and is in this respect rather similar 
to that of pure lead. Two values are given for the heat 
conduction in the superconductive state, one before and 
one after superconductivity had been temporarily de- 
stroyed. In the latter case some of the magnetic flux 
was evidently “frozen in.’’ As can be seen, the values 
with and without the frozen in field coincide at the 
higher temperatures but below ~4°K the heat flow with 
frozen in field is consistently smaller, decreasing to 
about two-thirds of the value of that without frozen in 
field at the lowest temperature. 


IV. CONCLUSIONS 


It is known from our other experiments‘ that as the 
bismuth content is increased the heat conduction in the 
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Fic. 3. Heat conductivity of Pb Bi 0.02 percent; variation with 
magnetic field at ~2.9°K. Full line: field increasing; broken line: 
field decreasing. 


superconductive state grows steadily in comparison 
with the normal heat conductivity until eventually 
their relation is completely reversed. It is therefore sig- 
nificant that the superconductive curve without frozen 
in field shown in Fig. 4 indicates higher heat flows than 


- the curve with frozen in flux. Moreover, the shape of 


the curve definitely gives the impression that the frozen 
in values represent a true continuation of the original 
curve from which the values without frozen in flux 
branch off. We are clearly encountering here the first 
sign of the new heat transmission process in the super- 
conductive state and the conclusion is reached that this 
transmission of heat is inhibited by the magnetic flux 
frozen into the specimen. The interesting point is that 
when the alloy specimen at 2.9°K is partly in the super- 
conductive and partly in the normal state, the heat 
conduction is smaller than in either of these states. This 
shows that the observed heat flow cannot be simply due 
to a mixture of superconductive and normal materials 
each having its specific heat conductivity. At the higher 
temperature and in pure lead on the other hand this is 
evidently the case. 

While thus any explanation simply based on different 
heat conductions in the two states must fail to account 
for our results, they seem to offer an unexpected con- 
firmation of our model. We assume that as with falling 
temperature the alloy character of the specimen in- 
creases,® and with it the deviation from zero induction 
grows, a circulation of electrons along the specimen will 
be established. The superconductive electrons take up 
their total entropy which is returned by the flow in the 
opposite of normal electrons. For this reason the circu- 


lation flow is a powerful means of heat transport and as 
it develops can outstrip the negative effect of electrons 
being lost into the superconducting state. The present 
results seem to show that at higher temperatures or in 
a pure metal no anomalous effects occur because no 
circulation flow exists. Circulation flow can take place 
in the alloy specimen at low temperatures but it will be 
broken up by the formation of normal enclosures in the 
specimen. In this respect the transverse transition in 
Fig. 3 is of particular significance. When at $Hc the 
threshold value on the surface of the cylindrical speci- 
men is exceeded the rod passes into the intermediate 
state. At the establishment of this state normal laminae 
perpendicular to the axis of the specimen are formed’® 
which gradually increase at the expense of the super- 
conductive material as the field is increased. Although 
therefore at the beginning of the transition the actual 
amount of normal material within the specimen is small 
the circulation process will be inhibited very soon and 
the total heat flow will fall instead of rising. Only when 
enough normal material is present will the original value 
of the conductivity be reached again and the actual 
value for the normal state will ultimately be attained. 
No such intermediate decrease is observed in the longi- 
tudinal destruction where no transverse laminae are 
formed. On the other hand, as the field is decreased to 
zero and the frozen in lines of force curl up like those in 
a permanent bar magnet the circulation flow is evidently 
again inhibited. 

It would thus appear that the heat flow given by the 
experiments with the frozen in field is nearer to the true 
value of the heat conduction in the superconductive 
material than that before magnetic penetration. This 
fact must be borne in mind when analyzing the heat 
conduction of a superconductor. Apart from its theo- 
retical interest the anomalous heat conduction has some 
bearing on the practice of cryogenic technique. It has 
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Fic. 4. Heat conductivity of Pb Bi 0.02 percent; variation with 
temperature. Small circles: zero field; crosses: field >He; large 
circles: field frozen in. 


10 Tt can easily be shown that laminae in any other direction to 
the cylinder axis are unstable. 
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been suggested by us! (and independently by Daunt 
and Heer") to make use of the change of heat conduc- 
tion in superconductors for make and break thermal 
contacts at very low temperatures. The present results 


1 C, V. Heer and J. G. Daunt, Phys. Rev. 76, 854 (1949). 


show that in order to get a great difference of heat flow 
in the two states very pure metals should be used. On 
the other hand, it now seems to be possible to design 
thermal switches which break a contact on magnetiza- 
tion by employing an alloy. 
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The radiations from Pr have been examined with a thin lens spectrometer. One gamma-ray was found 
having an energy of 1.575 Mev. The beta-spectrum is complex, the two groups observed having maximum 
kinetic energies of 2.15, Mev and 0.63. Mev. It is suggested that the high energy beta-group gives a transition 
to the ground state of Nd’ and that the gamma-ray follows the low energy beta-transition. The half-life was 
found to be 19.1 hr. The electron distribution produced by bremsstrahlung, due to the absorption of the 


beta-rays, was observed. 


I. INTRODUCTION 


HE characteristic radiations of Pr” were inves- 

tigated by Amaldi! and others, but in more detail 
recently by absorption and coincidence methods by 
Bothe,? Mandeville,’ and Jurney.* Data obtained with 
spectrometers have been reported by DeWire et ai.,5 
Peacock et al.,6 Cork et al.,7 and Rae.® 

The radiations found by these authors are shown in 
Table I. 

The coincidence work of Mandeville and Jurney has 
established that the 1.6-Mev gamma-ray probably 
follows the soft beta-transition, while the higher energy 
beta results from a disintegration to the ground state 
of Nd. Delayed coincidence work by DeBenedetti and 
and McGowan? showed that there are no metastable 
states in Nd™ with half-lives in the range 10-* to 10-* 
sec. 

DeWire ef al.5 remark that the higher energy beta-ray 
arises from a first-forbidden transition, according to 
Konopinski’s notation,’ and a characteristic “forbidden 
shape” is suggested by their Kurie plot. The fact that 
Nd” is a “magic number” nucleus in neutrons, and the 


* Contribution No. 112 from the Institute for Atomic Research 
and Department of Physics, Iowa State College, Ames, Iowa. 
Work was performed in the Ames Laboratory of the AEC 

1 Amaldi, D’Agostino, Fermi, Pontecorvo, Rasetti, and Segré, 
Proc. Roy. Soc. 149A, 522 (1935). 

2 W. Bothe, Zeits. f, Naturforsch. la, 173 (1946). 

2C.E. Mandeville, Phys. Rev. 75, 1287 (1949). 

4E. T. Jurney, Phys. Rev. 76, 290 (1949). 

5 DeWire, Pool, and Kurbatov, Phys. Rev. 61, 544 (1942); 
Phys. Rev. 61, 564 (1942). 

6 Peacock, Jones, and Overman, PPR Mon N-432 (1947). 

7 Cork, Schreffler, and Fowler, Phys. Rev. 74, 1657 (1948). 

8 E. R. Rae, Proc. Phys. Soc. ’(London), 63A, 292 (1950). 
® t- , DeBenedetti and F. K. McGowan, Phys. Rev. 74, 728 

1948). 
_ EF. J. Konopinski, Rev. Mod. Phys. 15, 209 (1943). 


somewhat conflicting evidence for the decay scheme of 
Pr!” led the authors to the present study. 

Two 100-mg samples of spectrographically pure (con- 
taminants less than 0.1 percent) PrgO1: (empirical for- 
mula) made available through the courtesy of Dr. F. H. 
Spedding and Mr. T. A. Butler of this laboratory were 
bombarded in the Oak Ridge pile and then examined 
with a thin-lens spectrometer!" modified to incorporate 
ring focusing.” 


Il. HALF-LIFE 


The half-life of Pr’? was determined by following the 
activity of a sample of PrCl; with a Lauritsen electro- 
scope for more than four half-lives. A value of 19.1 hr. 
was obtained. This is in good agreement with the values 
reported by Bothe? (19.2 hr.) and DeWire, Pool, and 
Kurbatov® (19.3 hr.). 


Ill. SECONDARY ELECTRON SPECTRUM 


The spectrometer was calibrated by means of the F 
conversion line of ThB (1385 Hp). All the data reported 
in this paper were obtained with a spectrometer resolu- 
tion of 2.1 percent (half-width) and a Geiger counter 
window of Formvar with a cut-off at 15 kev. The data 
have not been corrected for window absorption. 

Since praseodymium has a single isotope," namely 
Pr'4!, it is assumed that only the radiations of Pr’ were 
observed in this investigation. 

To obtain the secondary electron spectrum, the Pr” 
was placed in a Lucite holder and covered with a copper 
cap, of surface density 1.4 g/cm’, in order to absorb the 


11 Jensen, Laslett, and Pratt, Phys. Rev. 75, 458 (1949). 
12 Pratt, Boley, and Nichols, ’ Phys. Rev. 79, "208 (1950) ; Keller, 
Koenigsberg, and Paskin, Phys. Rev. 76, 454 (1949). 
3 Inghram, Hess, and Hayden, Phys, Rev. 74, 98 (1948). 
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beta-particles. On the copper cap was fastened a 
uranium foil having a surface density of 42 mg/cm’. 
This source was placed in the spectrometer about 19 
hours after the sample was removed from the Oak Ridge 
pile. The spectrum obtained is shown in Fig. 1. The 
insert in Fig. 1 shows the arrangement of the source of 
Pr'#, Lucite holder, copper cap, and uranium foil. 

The K and L photo-electron lines of a single gamma- 
ray were observed. The mean value of the weighted 
gamma-ray energies, as determined from the K and L 
lines, was found to be 1.57, Mev. In calculating the 
gamma-ray energy a correction was made for the 
surface density of the uranium foil."' A search was made 
for low energy gamma-rays, using an Ag foil as a radi- 
ator, but none was found. 

The broad distribution of electrons, exhibiting a 
maximum intensity at 1800 gauss-cm (Fig. 1), resembles 
the Compton distribution of a single gamma-ray but is 
not accompanied by the photoelectric conversion lines 
which would be expected to be associated with such a 
distribution. A search for weak photo-electron lines 
was made with a second sample of Pr, but none was 
found. The broad electron distribution, which shows the 
same decay constant as the remainder of the spectrum, 
is, accordingly, attributed to secondary electrons pro- 
duced by bremsstrahlung arising from the passage of 
the beta-rays through the source-material and into the 
copper cap. An approximate calculation was made of 
the Compton electron distribution which would arise 
in a thick radiator from the bremsstrahlung expected“ 
to originate in copper traversed by electrons possessing 
an energy distribution similar to those of the Pr” beta- 
rays. The computed distribution resembled closely, in 
magnitude and in shape throughout the region of major 
interest, the extended distribution observed. 

As a check of the foregoing interpretation for the 
prominent broad electron distribution observed, a 
source of Sr°°— Y% was placed in the spectrometer and 
covered with the same copper cap and uranium radiator 
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Fic. 1. Secondary electron distribution produced by Pr'®, from 
a copper cap (1.4 g/cm?) and a uranium foil (42 mg/cm?*). The 
insert shows the Lucite holder, Pr’, copper cap, and uranium foil. 
N is the observed counting rate. This diagram shows the electron 
distributions produced by bremsstrahlung, Compton scattering 
and the photoelectric effect. 


4“ W. Heitler, The Quantum Theory of Radiation (Oxford Uni- 
veristy Press, New York, 1944), Ed. 2, p. 161. 


TABLE I. Radiations from Pr! reported by previous 











investigators. 

Authors B (Mev) (Mev) 
Mandeville 2.22, 0.215 1.74, 0.17 
Jurney 2.52, 0.350 1.53 
Cork e¢ al. 0.62, 0.49, 0.33, 0.13 


(from internal conversion lines) 
DeWire et al. 2.14 1 
Peacock et al. 2.23 


~1.65, ~1.3 
Rae 2.23, 0.66 1.59, 0.14 (I.C.). 








used in the work with Pr’. The strontium-yttrium 
source, which is gamma-free and emits beta-particles 
with a maximum energy (2.23 Mev) close to that for 
Pr’, was found to give under these conditions a secon- 
dary electron distribution (Fig. 2) of the type which we 
have attributed to bremsstrahlung in the case of Pr’. 
The spectrum shown in Fig. 1 is thus regarded as a - 
composite of the photoelectrons and Compton electrons 
arising from a single gamma-ray plus the electrons 
produced by bremsstrahlung. The contribution of 
bremsstrahlung to the secondary electron spectrum is 
especially prominent in the case of Pr, since there are 
about 25 beta-particles per gamma-ray (see Section V). 


IV. BETA-RAY SPECTRUM 


The beta-ray source was prepared by dissolving a 
portion of the irradiated PrsOu: in dilute HCl. A drop 
of the solution was deposited on a Formvar-polystyrene 
film, of surface density about 40 ug/cm?, and allowed to 
evaporate to dryness. The average surface density of 
the source was about 1.1. mg/cm*. The source was 
grounded by means of the technique described by 
Langer.'* The beta-spectrum obtained is shown by the 
solid line in Fig. 3. The beta-spectrum determined with 
an earlier source revealed no internal conversion lines 
between the counter window cut-off and about 1100 
gauss-cm. If the internal conversion lines reported by 
Cork et al.’ actually exist, we estimate that the height 
of the lines is less than five percent of the counting rate 
at the corresponding positions of the beta-spectrum. 

The allowed Kurie plot did not yield a straight line, 
but gave a curve characteristic of a first-forbidden 
transition (Gamow-Teler selection rules), with a spin 
change of two units and a parity change. The allowed 
Kurie plot is shown in Fig. 4. The modified Kurie plot 
with the approximate correction factor a=(W»—W)? 
++W?—1, which has been considered appropriate for a 
spin change of two units with a parity change,!° is 
shown by the crosses in Fig. 5. This curve indicates the 
presence of two beta-groups. The maximum kinetic 
energy of the high energy group is 2.15 Mev. On sub- 
tracting the high energy group, estimated in this way, 
from the total distribution, the maximum kinetic energy 
of the low energy group, as determined from the Kurie 
plot, was about 1.1 Mev. The difference between these 


15)E. N. Jensen and L. J. Laslett, Phys. Rev. 75, 1949 (1949). 
16L, M. Langer, Rev. Sci. Inst. 20, 216 (1949). 
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Fic. 2. Secondary electron distribution produced by a pure 
beta-source of Sr%—Y®, from a copper cap (1.4 g/cm?) and a 
uranium foil (42 mg/cm*). The electron distribution is produced 
by the bremsstrahlung formed in the copper cap due to the absorp- 
tion of the beta-rays from Sr®— Y%, 


two beta-energies is mot in good agreement with the 
gamma-ray energy of 1.57, Mev. 

The work of Marshak’’ and Greuling!® suggests that 
a more precise form for the correction factor would be 
a= (W»—W)?+ A(W?—1), where the coefficient A is not 
strictly independent of the electron momentum and 
differs appreciably from unity when Z is large. A graph 
showing A as a function of electron momentum for 
Z=40 and Z=60, which is appropriate for Pr, has been 
published recently.!® In the case of Pr’ the coefficient 
A makes an appreciable difference in the modified Kurie 
plot, as is shown by the circles in Fig. 5. This plot gives 
a maximum kinetic energy of 2.15, Mev. An additional . 
indication of the improvement obtained by including 
the coefficient A is given by the r.m.s. weighted relative 
differences between the straight line modified Kurie 
plots and the individual observed counting rates. In- 
cluding all points with W greater than 2.3 mc’, these 
values are 2.5 percent with A=1 and 0.8 percent with A 
as given by Fig. 1 of reference 19. 

In subtracting the high energy beta-group and making 
a Kurie plot of the low energy beta-group, the data were 
not sufficiently accurate to determine whether or not 
this beta-group is of the allowed form. The allowed 
Kurie plot of this low energy group is shown in Fig. 5. 
The maximum kinetic energy is 0.635 Mev. This energy 
is in fairly good agreement with the maximum energy 
of the high energy beta-group and the energy of the 
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Fic. 3. Beta-spectra of Pr’. The solid curve is the observed 
spectrum while the dashed curves represent the two beta-groups, 
calculated from the respective Kurie plots. N is the observed 
counting rate and J is the current in the spectrometer coil. 


17R. E. Marshak, Phys. Rev. 61, 431 (1942). 
18 EF. Greuling, Phys. Rev. 61, 568 (1942). 
19 Laslett, Jensen, and Paskin, Phys. Rev. 79, 412 (1950). 
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Fic. 4. The allowed 
Kurie plot of the beta- 
spectrum of Pr'*, 
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gamma-ray. The agreement is much better if a modified 
Kurie plot is made using the correction factor, a. This 
gives a maximum kinetic energy of 0.58: Mev. However, 
for reasons discussed in Section V, it is believed that the 
low energy beta-group is probably a first-forbidden 
transition, but is mot of the type in which the correction 
factor is appropriate. 

There are two primary sources of error in the low 
energy beta-group. One is the low intensity of the group 
together with the additional error introduced by sub- 
traction of the high energy group. The second error 
involves a small apparent loss of the source while in the 
spectrometer. The mean half-life determined from 
points taken at different times at 20 different current 
values was found to be 18.4 hr. This is appreciably 
lower than that reported in Section II. It is believed 
that the vacuum in the spectrometer is sufficient to 
remove some of the water of hydration of the PrCl;, 
which in turn may result in the removal of a small 
amount of the PrCl;. This would explain the smaller 
half-life obtained from the spectrometer data. The 
importance of this effect was minimized by repeated 
traversals of the spectrum, which led to consistency in 
the data when a correction was applied for the observed 
half-life. 

The deviations from the straight line of the points 
below W=1.55 mc? is thought to be due to the fairly 
large surface density of the source. 


V. DISCUSSION 


A consistent decay scheme for Pr! is shown in Fig. 6. 
Since Nd! is an even-even nucleus, it is reasonable to 
assume that the ground state has a spin of zero and 
even parity. The high energy beta-group is first for- 
bidden with a spin change of two units and a parity 
change. Hence the ground state of Pr’ is assigned a 
spin of two units with odd parity. This is in complete 
agreement with the predictions of the nuclear shell 
model” in regard to parity, and to spin in accordance 
with rule nine proposed by Nordheim” for the case of 
beta-decay for’odd-odd nuclei. 

Although the Kurie plot with the correction factor 
gave a suitable straight line and a maximum energy for 
the soft beta in excellent agreement with the difference 


20M. G. Mayer, Phys. Rev. 78, 16 (1950). 
11. W. Nordheim, Phys. Rev. 78, 294 (1950). 
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between the high energy beta-group and the gamma-ray, 
it appears to be very unlikely that the transition is one 
with a spin change of two units and a parity change. 
This would demand a spin of zero or four units with 
even parity for the 1.57-Mev level. A gamma-ray transi- 
tion between two states with J=0 is strictly forbidden. 
A gamma-ray transition of 1.57 Mev with a spin change 
of four units and no change of parity would require a 
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Fic. 5. The modified Kurie plots of Pr’. The low energy 
group was obtained by the usual subtraction. 


metastable state with a half-life® of 3.2<X10-® sec. 
DeBenedetti and McGowan? report a negative result 
of a search for a metastable state of Nd’ in the range 
10-* to 10-* sec. The ft value of the low energy group 
is 9X 108, which is classed empirically as first forbidden.'® 
According to selection rules this demands a change in 
parity, hence the 1.57 Mev level is assigned an even 


2 EF. Segré and A. C. Helmholz, Rev. Mod. Phys. 21, 271 (1949). 


Oe” pe ge SPIN PARITY 
25 = = 

, B 2 odd 

4% 
1.57 
Fic. 6. Decay scheme of B lor2 even 
Pe. 96% 
Y 
0 O even 


parity. The gamma-ray transition then involves no 
change in parity. The possible spin assignments of the 
1.57-Mev level are 1 or 2 units. For a spin of 1 unit the 
gamma-radiation is either magnetic dipole or a mixture 
of magnetic dipole and electric quadrupole. For a spin 
of 2 units the gamma-radiation is electric quadrupole. 
This gives a spin change of one or zero units for the 
low energy beta-transition. 

The high energy beta-group has an ft value of 0.6X 108, 
which is in agreement with the values of ft given by 
Nordheim” in rule number six for this type of transi- 
tion. The (Wo’?—1) ft value for this group is 0.210" 
which also is in good agreement with the values given 
by Shull and Feenberg™ for several other nuclei under- 
going beta-transitions of a similar character, in which 
the spin change is two units with a parity change. 

Assuming that the high energy group is first for- 
bidden with a spin change of two units and a parity 
change, and the low energy group to be represented by 
an “allowed” Kurie plot the percentage transitions 
associated with these groups are 96 and 4, respectively. 
These two beta-groups are shown by the dashed curves 
in Fig. 3. 

The authors wish to express their appreciation to Mr. 
W. J. Heiman of the radiochemistry section of this 
laboratory for preparing the sources, Mr. E. R. 
Rathbun, Jr. for construction of the Geiger counter and 
Mr. A. Paskin for helpful discussions on the theoretical 
aspects of the problems. 


%F, B. Shull and E. Feenberg, Phys. Rev. 75, 1768 (1949). 
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Analytical expressions obtained by Goertzel and Rose for the internal conversion of y-radiation have 
been simplified from a computational viewpoint for the Z-shell. Complex expressions involving gamma- 
functions and hypergeometric functions are simplified and reduced, in several cases, to algebraic expressions. 
Numerical calculations have been carried out for the L;-shell, for electric dipole, electric quadrupole and 


magnetic dipole radiation. 





I. INTRODUCTION 


HE theoretical evaluation of the internal conver- 
sion of y-radiation in an atomic system is a well 
known problem and has been treated by a number of 
writers. In particular, the case in which the atomic 
nucleus is assumed to radiate the field of an electric 
dipole has been treated exhaustively in a paper by 
Hulme.' Hulme employs Dirac’s relativistic equations 
and derives formulas for the conversion coefficients 
corresponding to the electrons of the K and L;-shells. 
Goertzel and Rose? have generalized Hulme’s treatment 
to obtain results for radiation from multipoles of 
arbitrary order. Except that screening effects have been 
neglected, these formulas are exact and enable us to 
calculate numerical values of the internal conversion 
coefficient if the atomic number Z and the energy of 
y-radiation are assigned. 

The expressions for the internal conversion coeffi- 
cients are extremely complex and the task of calculating 
numerical values for the various conversion coefficients 
from such expressions is a formidable one. Recently, 
considerable importance has been attached to more 
exact calculation of these coefficients and a paper by 
Stanley* contains the results of work done in an attempt 
to provide a table of K-shell values in the electric 
dipole case. A more extensive table has recently been 
prepared by Rose and his co-workers‘ containing K-shell 
internal conversion coefficients for electric and magnetic 
multipole radiation up to poles of order 25. 

As a preliminary to the calculations reported by 
Stanley* the formula given by Hulme! was simplified. 
The present paper contains corresponding simplifica- 
tions of the formulas obtained by Goertzel and Rose. 
These are summarized in Section II. A brief account of 
the method used and the resulting modified expressions 
are given in Section V; Section IV is devoted to a 
summary of Goertzel and Rose’s formula for the 
internal conversion coefficient in the L;-shell, for the 
case of electric dipole radiation. The calculations based 


1H. R. Hulme, Proc. Roy. Soc. (London), A138, 643 (1932). 

2G. Goertzel and M. E. Rose, 1947 (unpublished). 

3 J. P. Stanley, Can. J. Research, A27, 17 (1949). 

“Rose, Goertzel, Spinrad, Harr, and Strong, Phys. Rev. 76, 
184 (1949). These authors have distributed privately an extensive 


table of their results. 


on the simplified formulas for the Z;-shell are tabulated 
in Section ITI. 

It should be noted that the calculations given here do 
not take account of screening effects. The purpose of 
our work was to obtain “unscreened” coefficients as a 
basis for comparison with “screened” calculations, 
whereby screening effects could be evaluated. Conse- 
quently no attempt at completeness has been made. 
In particular, it should be emphasized that no calcu- 
lations were made for the Lz; and L77;-shells. 


II. SUMMARY OF SIMPLIFIED FORMULAS 


Relations and formulas are presented in their 
approximate order of calculation. 


(A) L;-Shell 
(a) All Multipoles 
a=1/137.03, k=y-ray energy, Z=atomic number 


[Relativistic units are used throughout. That is, 
m=c=h=1, &=a. Units of energy, momentum and 
length are mc’, mc and h/mc, respectively. ] 


v=+(1—(aZ)")!, 

E=[4(1+y) ]'= initial state energy inclusive of rest 

energy, 

W=k+ E= final state energy inclusive of rest energy, 
p=+(W?—1)!=final state momentum, | 
6=aZW/p, 

EW py net i(aZ)], 
1/2¢= (1/4Ep)[2E(p—k)—i(aZ)] 
 bter(aZ)rH| P(y— 48) |? 
4ak-T(2y+1)-(1+-)| (—2¢)-0- |? 
(1+) 
(2E—1)(2E)?7# 
A= ((W—1)/k)*, w= ((W+1)/k)}. 





[N]?= 





866 











(b) Electric Dipole Case 
y'= (4—(aZ)*)}, 
F\=F(y'+ 16, i0—-' ; 1—y+70; 1/2$), 
Fx=F(y+7', y—7'; 1+-y— 6; 1/2), 
F,=F(1+7'+70, 1—y'+40; 2—y+76; 1/25), 
Fu=F(y+-7', 1-73 1-183 1/2), 
T'(id—-y)-T(i+7'—7#)-T(y+7’) 
PCy = 1)-F (y+ 18)-T(y— 18) 





. (-— 2¢)-O- 


1 
Ax {(az)(b+2)(2E-3) +L 61+ 1)(B—1) 
—(k+2)(1+7)(2E-3)]}, 


u=—| om e+2)(2E—3)+3] 
oR OR 


+A(28—1)[(b+2)(14+7~24)~68]], 


P,=(AA+My)-Fi 


~an-atol (=) (Sra) 








— y+ 
P2=(AA+Muy):-F2— (An—Mu)| |: 
2—iaZ/p 
| P|?=|PitwPe|’, 
(1—k)? 2 





1 \ (rt) 
tar | 
2¢ 


8=internal conversion coefficient 
=}arak|N|?-[2|P|?+|Q]?]. 
(c) Magnetic Dipole Case 


1Q|?= ciate 59 anit Y) 





7’, F1, Fe, F3, Fs, w as in the electric dipole case, 
Fj'=F(y+40, i0—7; 1—y+740; 1/26), 
Fy =F(1+7+40, 1—y+40; 2—7+40; 1/25), 
, T(2y)-TU+7—#)-T(#—7) 
°F y+ i8)-P(y— 16) 





(= 2p), 
1 

A= ~ QE-1(B+E+1)+it§az)(——28-1), 
kE 


u-| @n+2-E- D+) }-ibaZ) 2041), 


INTERNAL CONVERSION 





IN THE L;-SHELL 










2E 
A’= —-——_-(F’*— 1) (4F’—4E+3) 
2y-1 
4 1 
~i(aZE) (4-45+3+-)—— 
k/ 2y—1 


2° 4E 
M’=——_-[ 4F°*— ii 
27-1 


1 
4+ i(aZE)(4E?—4E+3)—— 
2y-1 
P,=(AA+My)Fi 


+n—mw{ (=) ae |r 
27) 1-—y+20 





dees 
P2=(AA+Muy)F2— (an—Myi| | Fy, 
2+ iaZ/p 


Qi=(AA+M'y) FY 


1\ 1+(aZ 
—(wn—m')| (<) a} Fy, 
2s} 1—y+40 


1+7(aZ, 
Qa= (AM 'y)+ (FS) arm, 


|P|?=|Pit+wP2|?, |Q|?=|Qitw'Qs|*, 
8=internal conversion coefficient 
= (wak/3)| N|?-[2| P|?-+4|Q|*). 
(d) Electric Quadrupole Case 
v1 =[9-(aZ)*}',  v2'=[4—(aZ)?}, 
F, to F, are defined as the F; to F, of the electric 
dipole case with y’= +1’, 
Fi’ to Fy’ are defined as the F; to F, of the electric 
dipole case with y=, 
w,=w of the electric dipole case with y’= 71’, 
- we=w of the electric dipole case with y’= 2’, 
A= 2kEL—4(k+3) E°+8(k+3)E'— (k4+9)E 
+ (4k+15)E°+2(7k+6)E—12(k+1) ], 
pi=2E[4k(k+3) E'—8k(k+3) E'—k(3k—-21) EF 
— (40+ 3k+6) E+ (—19%?+3k+18)E 
+12(#—1)], 
he= (aZ)[—4k(R+3) E+ 8k(R+3) EB +R(7R-9)E 
+ (4h?+ 27k+6)E—12(k+1)], 
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TasLE I. Internal conversion coefficients as functions of gamma- 
ray energy. (Observed L;-electrons/observed photons of energy &.) 





Atomic Gamma-ray 
number energy ® 
Zz (mc? units) 


92 0.09273 
0.2927 
0.6427 


0.0833 
0.2333 
0.5333 


0.0283 
0.2083 
0.4083 


Magnetic 
dipole 


43.98 
1.896 
0.2079 


27.85 
1.381 
0.1313 


19.22 
0.05396 
0.007751 


Electric 
quadrupole 


9.199 
0.1548 
0.01694 


5.300 
0.1103 
0.01546 


5.787 
0.1026 
0.01176 


Electric 
dipole 


0.2372 
0.02097 
0.003916 











pe= (aZk)[4(k+3) E*—8(k+3) E+ (33-72) 


A=———(A,+ 
KE(4E?-+5) 


= pEaraS) ips), 
di’ = 2E[ E%(48k?— 96k) + E5(24k?— 48k) 
4 E—78%2+-48k)+E}—3#-+-60k) 
4 EX57k?—24k)-+ E(—218-+-24k)], 
ur’= 2E[ E*(—48%2-+96k)-+- E5(—248°-+- 488) 
4 E4(126k?—192k)-+ E*(3k?— 24k-+-12) 
4 E(—87#-+129k—36)-+E(21k?—45k-+24)], 
de’ = (aZ)[ E5(48k?— 96k)+ E*(24k?— 48k) 
+ E*(—54k+-48k)+ E?(—3k?+96k—12) 
4E(—21k+24)], 
us!= (aZ)[E*(— 488-496) +E — 244+ 488) 
4. E*(54k?—96k)-+ E*(3k?— 12h) ], 


(Ay’+ tre 4% 





” ESE 5) 





(u1'+ ius’), 
E85) 


P\= (AA+Mu)F; 


-o-aof (ED) 


— y+ 
|» 


P2=(AX F~ (Ig 
2= (AA+Muy)F2—(A »| — as 
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Qi=(A/A+M’y) Fi’ 
: : 2—iaZ/p RY 
eee -w's| (=) (=> ar | sh 


(AAEM pw) Fa’ (A’X—M’ f cz | 
Qo= u)Fe MB 74 iaZ/? ¥ 


|P]?=|PitwiPs|*, |Q|?=|Q:+weQ2]*, 


8=internal conversion coefficient 


=~rat| wi 31P1++-101"] 


(B) Lyz7-Shell, Electric Dipole Case 


a, k, W, E, vy, 0, p, Z, §, 4, w are the same as those 
defined for the Z;-shell, 


| NV |? is the same as in the L;-shell except that the factor 
(2E—1)(2E)**+? is replaced by (2E+1)(2E)?7¥2, 


7 =[4- (aZ)? }}, Uv, F, Fs, F;, F, as in the L;-shell, 
electric dipole case, 
A=————[F*(2—k)(2E+3)+E(5k+2)+3k] 
2kE(E+1) 
+i((E—1)/k)LE(k—2)(2E+3)—3], 
= —————_| F°(k—2)(2E+-3)—3(E+1)(k-1 
M EEL (k—2)(2E+3)—3(E+1)(k—1)] 
— i((E—1)/k)-E-(k—2)(2E+3), 
P\= (AA+My)F; ; 


van-mf (2) (2822) 


y—10 
| F, 
2+iaZ/p 


1 —(y+i8) | 2 
7) ( i =) ? 
2¢ 


8=internal conversion coefficient 


P2=(AA+My)F2— (an—Ma)| 


| P|?= | Pit-wPs|?, 
4(k+1)* (a2)? 
Be ‘Gee 





lQ|?= 


wak 
=< Nal P+ ler} 


(C) Lyrr-Shell, Electric Dipole Case 


a, k, W, 0, p, Z, wi uw as in the L;-shell, ‘electric dipole 
case, 


=[4-(eZP}', E=7/2, 
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tun 2k—1)? 
|Q| Ba” Tei ianilice 








1 —(y+i8) }2 
“ore 
F,; to F, defined as in the L;-shell, electric dipole case ( z) 
with new ¢, y and with y’=71’, 


aZ 
Fy’ to F, defined as F; to F, above, with new §¢, 7, Ao= jo eee 1)], 









and with y’=y3', 2k(2—) 
w; defined as w in L;-shell, electric dipole case, with aZ 
C new y and y= v1; M2=— 2k(2— noon (2— y)J; 
Y 





w defined as w in Ly-shell, electric dipole case, with: 












F new y and y’=y3, Ry=(AeA+Mou) Fy’ 
D udeden canal (2) (2222) |e 
’ = ( id Niet )} 2 2K 2 1—7y+i0 3» 
aZ y— 10 
Mi=—(1—2k)—Si, Rem (Ash+ Mau) Fy+ (Ash—M)| |r, 
2k 1—aZ/p 
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Fic. 1. Electric dipole. Internal conversion coefficient for electric dipole radiation. 
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|R|2= | Rit-weRe|?, 
8=internal conversion coefficient 


-“S wp [Sip clor4airl 
“ag 5 5 


Ill. THE NUMERICAL CALCULATIONS OF THE 
COEFFICIENTS FOR THE L;-SHELL 

For each of atomic numbers 92, 84 and 49, the 
formulas for the Z;-shell given in Section II were used 
to calculate the internal conversion coefficients corre- 
sponding to certain y-ray energies. These y-ray energies 
cover the range used by Reitz® in calculating internal 
conversion coefficients for the K-shell. Reitz has taken 
account of screening in his calculations. Our results 
are given in Table I and plotted in Figs. 1, 2 and 3 
together with those obtained by Reitz for the K-shell. 
Comparison of the two sets of curves leads us to 
suspect errors in the curves A, B of Fig. 2 obtained by 
Reitz. 


All of the numerical calculations were carried out — 


with the use of Marchant and Friden desk calculators 
except in the case of the ninety (90) hypergeometric 
functions which were evaluated on I.B.M. punched 
card machines. 


IV. CONVERSION IN THE L;-SHELL: 
ELECTRIC DIPOLE CASE 


Summary of Goertzel and Rose Formula 
8= internal conversion coefficient=$aakS, (1) 


a= fine structure constant = 1/137.03, 
k=y-ray energy, 


S=2|Pia]?+[ Qual’, 3 (2) 
Py y= (Rit Ret 2Ry)14, (3) 
Q1,4= (Rit Re—3Rs— Ra)1, 3. 
Definition of Px, 
(Rit Rot 2Ra)1, = Ny Df Galyt+y')(— biCi+-4C2) 
+ gn. Sr*(v+7')(tbiCi1+-4,C2) 
+ ilyt+y’+1)(— tb2Ci+dsC2)+ 
on Sy ty’ +1) (tbeCit+-d2C2) — 2b:Cago(y+7’) 
—2b1C1g3+.Jo*(v¥+7')— 2b2Cago(y+7'+1) 
—2bCivirgo*(y+7'+)}, 
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8 8 $8 R8s3- 


1 





Curves A,B,C refer to K-shell; Z=92, 84,49 
Curves A.B‘C’ refer to Li-shell; Z+92,84,49 


(Reitz) 
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k= gamma-ray energy (mc*=!) 


Fic. 2. Electric quadrupole. Internal conversion coefficient for electric quadrupole radiation. 


5 J. R. Reitz, Phys. Rev. 77, 10 (1950). 
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) 2y+1 7 (2aZ)7+4 
p-|—_|. , 6) 
T(2y+1)J 2-(2E)7#(2E+1)! 
aZ 2E+1 
b= 2(E+1), b= ——: 5 d,=2E, d2= be, (7) 
E 2y+1 


Ci=[(W—1)(1—E) =F. (1—E)t, 
; (W—1)t=h, 
C2=[(W+1)(1+ 4) = Au(1+E£), (W+1)'= Aly, 

Cs=[(W—1)(1+ £) #=FA(1+ 2), 
Ciu=((W+1)(1—E) = Mu(1— 2), 
p= (W?—1)!= kg, 


(8) 


y'+10 


=—___ (9) 
2+ (10/W) 


P+ and has unit modulus, 
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Jo(yvty’)=iAT(y+7')F(y+7’), 
$o*(y+7')=iAT (y+) P(y+Y), 


9 
Jo(vty'+1) “ry T(y+7'+1)F(y+7'+1), 


s 
Jo*(y+7'+1) = ene y'+1)F(y+7'+1), 














ie a (i a T'(y'— i) -P(1+-y'+48) 
ee Cel r(1+2y’) 
=A(k, p), (11) 
“4 —227’ 7—F\ V(y’+70)P(1+7'— 70 
eee: = (y'+46)P(1+-7'— 10) 
ip T(1+2y’) 
since 6=aZW/p, 
none aa ae: a=aZ/2E, 
a—ik+ip a—ik—ip 


F(v)=F(v, y'+70+1; 14+2y’; 2¢) 
=F(k, p)=F(k, >, 4), (12) 
Fv) =F, y'—10+1; 1+-27’; 28) 
=F(k, — p)=F(k, \, —y). 


Here, and in the remainder of the paper a bar placed 
over any symbol means that in the function represented 
by that symbol, the sign of yu is to be changed. 


Definition of Q:,4 
01,3= N43: D{ gi(yt+7')(— tbiC1+-diC2) 
+ g3-Gi*(y+7')(ib:1C1+-diC2) 
+ gilyt+y'+1)(— ibeCit+-d2C2) 
+ o3-Gr* (y+ +1) (ib2Cit+-deCz) 
+ Joly+y’)(—3idiCs+biCs) 
+ 93-Jo*(v¥+ 7’) (3idiC s+ b1C,) 
+ $o(yt+'+1)(—3id2Cs+b2Cs) 
+ 93-So*(y+ y'+1)(3ideCs+b2Cs)}, (13) 
where 
e782. (p/2)7 
2p PC/+i6)| ’ 
y+10 
~ (jazZ/p)—1 





y'=y=[1—-(eZ)?}', (14) 


$4- and has unit modulus. 


V. MODIFICATION OF GOERTZEL AND 
ROSE FORMULA 


We begin by writing 


Fiyt+y') =Ki, Flyt+y') =Ka, 
F(yt+y'-1)=K;s, Flyty'-1)=Ka, (15) 
F(yty'+)=Ks, F(y+y7’'+1)=Ke. 


We then have 


P,, g= N; D| Kil(y+ 7')A * Pe+° [Bcrtac 
1 
+ 1+d2C2)— 2a] KsPr+7) 
1 
xal - tert art {— ibeC+d2C2)— 2inc.] 


sf 2 
+K'(y+7'— Der ( {= ) Liner ace 


ori 
+Kal(y+7'—1)A ({-)l-metac) 


+ KT (y+y7'+)A- o44(—£/ip) , 
X [ibeC+-deCo— 2ibeCy J+ Kel (y+y'+1) 


i? 
A) tcrbac— rine], (16) 
4 


Now, using the relations, 

F(a, 6; c; z)=(1—2)-*F (a, c—b; c; 2/2—1) (17) 

(c—a)F(a—1, 6; c; z)=b(1—z) F(a, 6+1; ¢; z) 
+(c—b—a)F(a, b;c;2), 

(c—a)F(a—1, b6+1; ¢; 2) 

= (b—a+1)(1—z) F(a, b+1; c; 2) 

+(c—b—1)F(a, b;¢;2), 

together with the fact that 2¢/(2f—1)=2g, 

we can express K3, K4, Ks, and Keg in terms of K; and 

K». For convenience in subsequent numerical calcula- 

tions it is useful to transform the hypergeometric 

functions which depend on 2¢ into ones depending on 


1/2¢, since |2¢| is usually greater than unity. To 
perform this transformation we use the relation 


T'(a)T(b) ie Rac tn 
1) I'(c—a) 





2 


: 1 
xF(«, 1—c+a; 1-b+0;-) 


T'(b)l(a—5) 
T'(c—d) 


z)~> 


1 
xF(s, 1—c+); -2+b;-), (18) 
2 





an 


Ty: 


Te 


L; 
L; 


Ww mw ft 








and find the following relations to hold 


K,=(1- eye 2¢)-' + - oJ, 
(19) 





k= ~(o1o)( =) 25)-'t - 9], 
where 

_ Py #)rdt+2y’) 

— Tio) P+) 


=F \+wvF,, 


+70 1 
i -—ae 
Pi+ 1—y+16/ \2¢ 
— y+ 
+( wr. 
'—10 


_ Ty) l+ 7-0) +7) 

Dy FAP (y+ 48) yi) 
F,\=F(y'+76, i0—y'; 1—y+70; 1/26), (20) 
Fp=F(y'+7, 1-3 1+-7—10;,.1/25), 
F3=F(1+-7'+40, 1—-y'+70; 2— +76; 1/25), 
Fy=F(y+7’, y—¥'; y—7; 1/28), 














—2¢)-«-m, 


_ with |arg(—2¢)| <7. 


If we now rewrite P;,; in terms of the J; defined above, 
we find 


6 
Pui= DU MieLili, (21) 


k=1 


where J; to J, are defined in a manner similar to J; and 
I,; the values of the M’s given below render these 
quantities unique. Also 


Mi=Ny Dey) E (y+) A (1 28)- 4”? 
X (—2¢)-0' 9-9, 
M2=—-M,, M;=iM;, Ms=-—iM,, 
M;=2EM;/aZ, Ms=—2EM;,/aZ, and 
ik*(1+) 


w 
ray | zaz- 1)(A— 24) =a] 


(14-4) -—_d—(2E-1 
+i( +7|— — (2E- || 


BAA-+E)} 
E(2E—1) 

= —itJ1=—itJs, say, 
L3=&(2E—1)[(1+y)ut+iaZr]=&J;, 





=itJ,, say, where = 
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L=—WJ3=—-ts, 


aZ aZ aZ 
“oo 
2E ft-t 2E 


aZ 
s= -&Ie —it—Je. 
2E 


We can therefore write 


6 
Piy=ND Jip lp=N-P, say, (22) 
k=1 
where 2y—1 %(aZ)? +1) T( 10) |? 
per Y yt 
|W ]?= | Mig|?= 





4nrkT (2y+1)(1+) | (—2¢)-0- |? 
1+E 
Xx 
(2E—1)(2E)*"*# 


P itself can be expressed in the form P= P;+wP2, 
where P;,:P2 are complex expressions which can 
however be readily deduced. In particular: 








P= Pil Jot [ >i 


k(i+7) 2x 


—1 taZ 
+er'+n(—) a] rina 
-(+i(-—)apr]|+n(-) 
(ee) eee 


X [(y’— 18) (— ¢44) Jat (1—y+10) Ja] 








taZ io 
a (a i0)(— v4s)(28)Te— (y-+40)(26) Te] ; 
4Ep 


and a similar expression exists for P2. In fact we find 
that we can express P; and P» in the form: 


./i1 1 +10 
P= BF.+B| (—)(-—)/ Fs}, 23) 
a 2¢ i+ 1—7+70 
-{ {-1\/—y+# 
nears (=)( 2) 
LN Oi 7'—10 


where 
B=J;+g+h, 
g= (ip/k(1+7))(1/26)[(1— 1-7) Js 
+ (y'+40)(—1/944)Ja], (24) 
h= — (iaZ/4Ep)[(y—40)(25) Js 
+ (y’+48)(— 1/944) (28) Jo]. 




















After considerable algebra we deduce the following 
simplified expression for B: 


Ba || aZ(b+2)(28-3)0—1)-— 
2k ‘ E q 
+4[6(k+ 1)(Z—1)A—(k+2)(1+-7)(2E—3)r 
+(2E—1)(H+2)(14+7—28)u—6H2E—1)y]}, (5) 
In an exactly parallel manner, we obtain 


6 
Q13=01+-w'Q2= u My'Ly'l,’, (26) 


where 
I,'=I;, with y’ replaced by 7, 
w’=w with 7’ replaced by 7, 
M;,'=M;, with 7’ replaced by 7, 
94+ is replaced by gy. 


As before we can write: 


0:= B'G,+- BL (1/2)(- 1/¢3-) 
X (y+40)G3/(1—y+76)], (27) 


Q2= B'G:+ B(1/¢-)Ga], 
where 


Gi=F(y+16, 10—y; 1—y+0; 1/28), 

G2= F(2y, 0; 1+y—70; 1/2¢)=1, 
Gs=F(1+7+70, 1—y+10; 2—y+40; 1/25), 
Gy= F (27, 0; y—10; 1/2¢)=1, 


and we find 


™ taZ 
B’(y+70)— Bi( 1-—)- 0; therefore Q.=0, 
p 
also 


| B’|?=|B’|? since | g|?=1, 
so that 


1Q1,4]?=]Q1]? 





16E° 1 +10 ad 
=—(k-1)(W—7) Gt —( : Ja ; 
ks 2¢\1—y+720 





If we now use the relation, 


(az/c)F(a+1, 6+1; c+1; 2) 
= F(a, b+1;¢;2)—F(a, 5; ¢;2), 


+10 1 —(y+i8) 
ees 
ot (5) a) (1 


- we find 
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and 





162 " 
1Q1,3]?= P (k—1)(W—7) - (29) 





1 \ ~Cr+i@) 
ie 
es .. 


VI. SUMMARY 


We have thus obtained the following simplified 
formula for the coefficient of internal conversion of the 
Ly-shell for the electric dipole case: 





8=internal conversion coefficient 
= (rak/3)|N|?-[2|P|?+]Q]7], 


where 
where | |? is as defined in IIA and 


| P|?=|PitwP2|?, 
(1—k)? (5) 4 
Pi=(AA+Myp)Fi 
-as-af (2) (2) 


|O}*=16-———9) 
Pi=(AN-+My)Fy— (arte) ) Fo 








1 
A= I (aZ) (+ 2)(2E-3)+ iL6(H+ 1)(E—1) 
—(k+2)(14+-7)(2E-3)]}, 


ua—| of TE b+ 2)(2E—3)+3] 
oR OE 


+i(2B—1)[(e+2)(1+-7—28) 68]. 


The Goertzel and Rose formula is not stated in its 
simplest terms and the above modification has put 
the expressions in a form more suitable for numerical 
calculations. In particular, we note that the expression 
for |Q|? no longer contains either gamma-functions or 
hypergeometric functions. Corresponding simplifica- 
tions have been obtained for the Z;-shell in the case of 
electric quadrupole and magnetic dipole radiation, and 
for the Zrz, Lrzz-shells in the case of electric dipole 
radiation. These are summarized in Section II. 
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Research Council of Canada. 
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This paper describes a simple experiment which indicates some significant properties of the noise currents 
in a long electron stream, and verifies the applicability of the theory as worked out by Rack, Peterson, and 
Pierce to the noise properties of klystrons and traveling-wave tubes. An appendix shows that the observa- 


tions are reasonably consistent with the theory. 





I. INTRODUCTION 


HERE has been considerable skepticism as to the 
validity of conclusions concerning space charge 
and transit time effects on signal and noise in micro- 
wave tubes as worked out by Rack,! Peterson,? and 
Pierce.’ Great significance has been put on the possible 
applicability of the theory, however, because it pre- 
dicts a noise performance far different from that which 
more naive assumptions give. 

It is the purpose of this paper to report a simple and 
direct experiment which gives an excellent verification 
of the basic assumptions of Peterson’s theory. The 
measurements agree very closely with the predicted 
noise amplitude, and the distance along the beam be- 
tween successive points of noise cancellation. The posi- 
tion of the first noise minimum differs somewhat from 
that predicted but agreement is remarkably close con- 
sidering the assumptions involved. It is indicated that 
the practical limit on the noise cancellation at noise 
minima is due to partition current. 


Il. THEORETICAL BACKGROUND 


An exact theoretical analysis of the noise properties 
of space charge limited electron flow in a vacuum is 
not available. In 1938, however, Rack! suggested that 
noise calculations might be made by using the Llewellyn- 
Peterson‘ equations, and assuming that at the potential 
minimum there is an electron flow having a single 
valued velocity, but a velocity fluctuation with a mean 
square value equal to that for a Maxwellian velocity 
distribution. With this assumption Rack calculated the 
noise properties of a diode for various transit angles. 
Peterson? applied these ideas to the over-all noise per- 
formance of a microwave tetrode and predicted a can- 
cellation, which would give a great improvement of the 
noise figure of a tetrode under certain conditions of 
space charge and transit angles. Recently Pierce* used 
the same procedure in calculating the noise figure of a 
traveling-wave tube. 


1A. J. Rack, Bell Sys. Tech. J. 17, 592, (1938). 
*L. C. Peterson, Proc. I.R.E. 35, 1264 (1947). 
8 J. R. Pierce, manuscript for forthcoming book entitled Travel- 
ro Wave Tubes (D. Van Nostrand Company, Inc., New York, 


‘F. B. Llewellyn and L. C. Peterson, Proc. LRE. 32, No. 3, 
144 (1944). 


t 


In short, the theory assumes the noise in the entire 
stream to arise from a velocity variation at the space 
charge induced potential minimum near the cathode. 
The subsequent dynamics of the electron flow in the 
accelerating region cause the stream at the anode to 
have correlated velocity and density fluctuations. In 
the following drift. regions noise phenomena may be 
visualized in terms of two space charge waves excited 
by these fluctuations. These waves propagate and in- 
terfere, giving actual cancellation of the noise current 
at certain points. 

It is important to remember that in this theory the 
electron velocity over the beam cross section is assumed 
to be single valued, and that the actual multivalued 
velocity distribution is taken into account only through 
the velocity fluctuation assigned at the potential mini- 
mum. The approximation involved is certainly ques- 
tionable, especially at high frequencies. Thus, for ex- 
ample, application of the equations to the operation of 
diodes and triodes at microwave frequencies predicts 
reasonably the observed mutual conductance but fails 
to predict the observed input load impedance or the 
rectification properties. It is not obvious therefore that 
Pierce’s calculations should predict correctly the noise 
performance of a traveling-wave tube. Because of the 
importance of having a working theory and the doubt 
as to the validity of this particular one, a simple ex- 
periment was devised to check the conclusions as 
applied to electron beams having large transit angles. 


Ill. EXPERIMENTAL APPARATUS 


The experiment consisted in measuring the noise 
power coupled from an electron stream into a resonant 


MAGNETIC SHIELDS CAVITY SOLENOID 














WITH SLIDING 
VACUUM JOINT 


SHUTTER 


Fic. 1. Apparatus used for measuring noise current in an 
electron beam. 
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cavity as a function of the length of the stream. This 
was done by mounting a cavity resonant at 4200 Mc 
in a cylinder as indicated in Fig. 1 so that it could be 
moved parallel to the beam from an electron gun. A 
Pierce gun was used having a perveance of 0.08 10-* 
amp./volt? and designed to produce a beam converging 
to a minimum diameter of 0.050 in. at a distance of 
0.392 in. in front of the accelerating electrode. The 
cathode current density was 40 ma per square cm ob- 
tained from a thoria cathode surface on a molybdenum 
disk. 

To obtain parallel electron flow as described by 
Brillouin’ and Samuel® the beam was made to enter a 
longitudinal magnetic field abruptly at the point of 
minimum beam diameter. The cavity was mounted so 
that it could be moved along the electron beam for a 
distance of approximately four inches. A shutter with 
holes of various diameters was attached to the cavity 
so that the beam diameter could be measured and its 
cross section determined. 


IV. MEASUREMENTS 


Peterson’s theory indicates that the noise current in 
the electron beam should go through a minimum at a 
given distance from the anode. This theory is applied 
to cover the immediate case including space charge 
and cylindrical beams in the appendix to this paper 


where it is indicated that the noise current should vary 


periodically with beam length. 

The primary results of this experiment are shown in 
Fig. 2, where the measured noise power is plotted as a 
function of distance from the gun anode. The measured 
points show a good correlation with the theoretical 
curve worked out in the appendix showing that the noise 
does give the predicted minima and varies periodically. 


10 


THEORETICAL CURVE 
(SHIFTED 0.4" TO RIGHT) 


Nu 


B 


NOISE POWER IN DB BELOW SHOT NOISE 
® 


N 
°o 


4 
DISTANCE FROM ANODE IN INCHES 


Fic. 2. Noise power vs. distance from anode. 


5 L. Brillouin, Phys. Rev. 67, 260 (1945). 
6 A. L. Samuel, Proc. I.R.E. 37, 1252 (1949). 


Also, the variation of the minimum position with volt- 
age and gun transit angle corresponds to theoretical 
prediction. The position of the noise minimum differs 
by 0.4 in. from that predicted, which is attributed to 
the use of the infinite plane diode solution instead of a 
cylindrical beam solution in the cathode-anode region. 
The absolute value of the noise level was obtained by 
comparing it with temperature limited shot noise in 
the beam. The comparison was made by reducing the 
cathode temperature and. plotting noise power as a 


‘function of collector current as illustrated in Fig. 3. 


The asymptotic slope at low currents shows the shot 
noise power to be proportional to beam current as ex- 
pected. At larger currents, space charge reduction ap- 
pears and the noise power passes through a minimum. 
The greatest total reduction of noise power obtained 
was 20 db below shot noise at a distance corresponding 
to the first minimum of Fig. 2. The predicted noise 
level at the maximum is also closely verified as may be 
seen from Fig. 4. 

The chief: difficulty in making a measurement of 
noise vs. beam length is that of getting sufficient beam 
uniformity. If the beam cross section varies with its 
length, there is a corresponding variation of cavity 
coupling and intercepted current. Figure 5 shows meas- 
urements of the beam cross section corresponding to 
the noise measurements of Fig. 1 and it can be seen 
that there is no correspondence between the changes in 
beam diameter and the gross character of the noise 
curve, but that the small variations in noise from the 
theory correspond to the beam variations. Further- 
more, altering the strength of the magnetic field di- 
rectly affects the small ripples on Fig. 2 but has only 
minor effects on the gross character of the curve. 

The increase of noise power near the maximum beam 
current as shown in Fig. 3 indicates that another source 
of noise is present. This source of noise which limits 
the depth of a null in Fig. 2 might be attributed to par- 
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Fic. 3. Noise power vs. beam current for temperature 
limited emission. 
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tition noise currents created by the beam striking elec- 
trodes other than the collector, to residual tempera- 
ture limited emission, or to multivalued electron ve- 
locity at the cathode. For small partition currents 
there should be contributed’ to the beam an amount of 
shot noise equal to the shot noise contained in a tem- 
perature limited current equal to the partition current. 
In the case described the partition current was approxi- 
mately one percent of the total current, which. would 
cause partition noise 20 db below the full shot noise 
value. That this remaining noise is largely partition 
noise is also indicated in Fig. 6 for which the data were 
obtained by moving the shutter to intercept a small 
fraction of beam current, thus controlling the partition 
current. This curve shows a direct correlation between 
noise power and partition current even down to the 
smallest currents measured. That the noise power 
varies with the partition current at less than the first 
power is probably due to the fact that the additional 
partition currents were abstracted from one side of the 
beam instead of randomly throughout the beam cross 
section. 


V. CONCLUSIONS 


The most significant conclusions from these measure- 
ments are: 

(1). The single valued velocity stream assumption 
is definitely valid for gross effects at a frequency of 
4200 Mc. 

(2). A high degree of correlation in the current flow 
of an electron beam can be obtained. 

(3). Noise currents in an electron stream originate 
principally as a velocity fluctuation at the cathode. 

(4) The most probable noise figure limitation in 
microwave tubes is partition noise. 

The authors are indebted to Mr. C. F. Chapman for 
his valuable cooperation in this experiment. - 


APPENDIX 


In analyzing the noise behavior of a space charge limited elec- 
tron beam we follow the attack which Pierce uses for the traveling 
wave tube.? As mentioned in the text we begin with the mean 
square fluctuation of velocity at the potential minimum and apply 
the Llewellyn-Peterson equations‘ for the plane diode to deter- 
mine the resulting noise current and velocity at the anode. The 
plane diode equations are used as they are the only solutions avail- 
able for the accelerating region. However, solutions are available 
for a cylindrical beam in a constant potential drift region such as 
exists beyond the anode. 

We follow the notation of Pierce.* 

Pierce has obtained for the noise current and velocity fluctua- 
tions at the anode.’ 


% = —0_ exp(j01) (1) 
qo= —Ij(Io/u0)010_ exp(j61). (2) 


(vq*) is the mean square fluctuation of velocity at the potential 
minimum which is evaluated in reference 1 to-give 


(4%) = (4—m) (RT o/I0) B. 


7J. R. Pierce, Bell Sys. Tech. J. 27, No. 1, 158 (1948). 
sy. R. Peon, Sa LR.E. 36, 993 (1 948). 
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Fic. 4. Relation between beam voltage and noise current. 
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Fic. 5. Beam current interception vs. distance. 


6,=d.c. transit angle from cathode to anode which is assumed 
to be greater than 37; »=e/m, the ratio of the electron charge to 
the electron mass; uo=d.c. electron velocity; J>=d.c. beam cur- 
rent; k=Boltzmann’s constant; 7,=temperature of the cathode 
in degrees Kelvin; B=band width of the receiving system. 

We may now use g» and » as the input boundary conditions to 
the drift region and evaluate the noise current in the beam as a 
function of the beam length. The drift region through which the 
cylindrical beam travels is capable of propagating two unattenu- 
ated space charge waves. One wave travels faster than the average 
electron speed, uo, and the second wave travels slower than the 
electron speed. Pierce® describes the waves in terms of the electric 
field, a.c. velocity, and current associated with each wave. Thus, 
we have associated with the fast wave a field Z; given by 


E:=E;, exp(j“*—j?*+57*) (3) 
and with the slow wave a field E;; given by 
En=En, exp(j“*—j**+"I1*), (4) 
where 
6:= —81=78(40C*) (5) 
and B=w/upo. 


(4QC*)! is a term which describes the space charge properties 
of the cylindrical beam and will be discussed later. 

Also, for each wave we have from Pierce’s theory the relation 
between the fields, current and velocity as 


0772 —nE 1/151 © 

g1=j(BIoE1/2V 057). (7) 
Therefore at the input to the drift region we have 
2 (Bt, Eu) 


= 9;-+077= — a = (8) 
and 
= itu “Spy, ; Pte Bia Bu (9) 
br? 


From (8) and (9) we can evaluate Z;, and Ey;, and from (3) 
and (4) determine Z; and E;; as a function of z, the axial distance 













































































878 C. C. CUTLER AND C. F. QUATE 
12 Therefore with the use of the equation for (v,*)4y we can write 
a L. ut)nw (1+0;240C%) 
° * en ee 
: ms Caen) GOC) Vo (16) 
914 7 It is now necessary to evaluate 4Q0C* and this is done with the use 
Ms yy, of Pierce’s theory for the beams in traveling-wave tubes. In 
3 7 Appendix IV of reference 3, Pierce works out the value of 4QC* 
+ 4 for a hollow cylindrical beam of radius a,. If the surrounding 
a 16}-— . y, cylinder is far removed from the beam 4QC? is given by 
z y, 40C* = 60(c/to)Zo(-ya1) Ko(ya1)(Io/2Vo). (17) 
« z. Adextd), sui Keloyos) azn’ the totic’ Bemel Penctions-sad 
3 18 7 yw / uo. 
. A It is interesting to note that for ya:>1.8 the product 
4 P To(-ya1)Ko(ya:) can be approximated by 1/2ya, and thus 
ae 4 40C*60(c/to) (1/201) (To/2V 0) 
0.01 0.02 0.05 0.1 0.2 0.5 : 
INTERCEPTED CURRENT IN MILLIAMPERES and sae 
701 = 2nca1/dotto 
Fic. 6. Noise power vs. intercepted current. we can write 
40C°=60d ol 0/82a1V 0. (18) 


from the input. With EZ; and E£;; known gp, the noise current in 
the beam at point z, is evaluated from the equation analogous to 
(9). This process results in an expression for g, given by 


Io[1 : , 
qn= a hor sina %4*expl—Jj(fit+62)], (10) 
where q, is the noise current in the beam at point z 
a= —62(40C*)§-+ tan4[01(40C%)*] (11) 


and 6 is the d.c. transit angle from the anode to point z along the 
beam. 

Equation (10) contains the information which is pertinent to 
this experiment. The factors of interest are the distance of the 
first minimum from the anode, Xmin, the distance between minima, 
AX, and the noise current in the stream at the position of maxi- 
mum current. ; 

For the position of the first current null we have 


sina=0 
or 
6=[1/(40C*)# }tan~[6,(40C*)#] (12) 
=wT = (22/dg)Xmin 
thus 
Xmin= [Ap/2(40C*)# }tan“[6,(40C*)4] (13) 
where 
\y= Aotto/\ ¢. 
The distance between current minima is given by 
A62=2/(40C*)* (14) 
and 
AX =),/2(40C*)}. (15) 


At the position of current maximum the mean square noise cur- 
rent is given by 


(qn?) ay = (To?/te0) (1+-01:240C*) (04?) ny/40C*. 
From the shot noise formula we have 
(Gen?) = 2eIoB. 


Equation (18) applies to a hollow cylindrical beam with ya 
greater than 1.8 inside of a conducting cylinder of a diameter 
much larger than the beam diameter. To evaluate 4Q0C* for a 
solid beam we use Fletcher’s results* wherein he determines the 
radius and beam current of a hollow beam which is equivalent to 
the solid beam. 
To proceed with the computation we have for the experiment 
a,=0.025”; 
Vo=900 v; 
Ig=2.1X10- amp.; 
74, = 0.94 for solid beam. ' 
The equivalent hollow beam has a radius of 0.782a; and a cur- 
rent of 0.960. 
We then have 


(40C*)#=2.8X107 


and since 6:=32 radians at 900 v for the gun which was used we 
have at the first minimum 
6:=26 radians or Xmin=0.7” 


which compares with a measured value of 1.1”. It is felt that this 
discrepancy arises from the use of the infinite plane equations in 
the accelerating region. 

For the period we have 


Aé@=110 radians or 17.6 cycles, 
which gives 
AX =2.95", 
as compared to 2.91” as measured. 


For the values of the ratio of max. noise power to shot noise 
power we calculate 


(gn®)av/(Qen®)wy= 1/11.5 or 10.6 db below shot noise 
as compared with approximately 12.5 db as measured. 


®R. C. Fletcher, Proc. I.R.E. 38, 413 (1950). 
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The current induced in zincblende crystals when the negative electrode is bombarded by 5- to 900-volt 
electrons has been measured. The electrodes were evaporated copper films 0.02 or 0.05 micron thick. The 
experimentally observed ratio of the equilibrium bombardment-induced crystal current to the bombarding 
current (a) had values ranging from about 10-5 to 10~*, (b) was independent of the magnitude of the bom- 
barding current, (c) was proportional to the bombarding voltage raised to the mth power where m ranged 
from 2.0 to 2.6 for bombarding voltages up to 600 volts, (d) did not show a dependence on the crystal tem- 
perature, and (e) increased as the potential difference between the crystal electrodes was increased. A 
space charge in the crystal, apparently very near the bombarded electrode, had a major effect on the 
time variation of the bombardment-induced current and on the magnitude of its equilibrium value. The 
primary result of bombardment seems to be the emission of electrons into the crystal from the electrode. It 
does not appear to be necessary to assume that internal secondaries were a major source of conduction 


electrons. 





I, INTRODUCTION 


T has been shown by Wilson! that the electrons in 

a metal electrode on an insulating crystal ordinarily 

do not have sufficient energy to pass into the lowest 

unoccupied (“conduction”) band of the crystal. If, 

however, the negative electrode is exposed to electron 

bombardment, some of the electrons in the metal may 

be excited to a sufficiently high energy so that they may 

pass into the crystal, where they can act as conduction 

electrons. Experimental observations of such bombard- 
ment-induced currents will be presented.? 

Zincblende, which has energy bands* typical of in- 
sulating crystals, was chosen as a suitable insulating 
material. It is well known that zincblende crystals be- 
come conducting when exposed to ultraviolet illumina- 
tion,‘ when exposed to 15-kilovolt electron or positive 
ion beams,® and when exposed to alpha-ray bombard- 
ment.* These results show that electrons excited to a 
normally unoccupied band can move through the zinc- 
blende lattice under the influence of an electric field; 
consequently, one would expect that this would also be 
true for the extra electrons which come into the crystal 
from the bombarded electrode. 

Very thin copper electrodes were evaporated onto 
opposite faces of a zincblende crystal and, as is shown 


* The experimental work covered in this paper was completed 
while the author was in the Physics Department of the University 
of Minnesota. 

1A. H. Wilson, Proc. Roy. Soc. A133, 458 (1931); A134, 277 
(1931) ; A136, 487 (1932). 

2M. Distad, Phys. Rev. 55, 1146 (1939), paper No. 176. 

3D. A. Wrig sht, Proc. Phy. Soc. London 6b, 13 (1948) ; F. Seitz, 
Rent 6, 454 (1938) ; Y. Uehara, Bull. Chem. Soc. Japan 

B. Gudden, R. Pohl and others. Summarized by A. L. Hughes 
coal L. A. DuBridge, Photoelectric Phenomena (McGraw-Hill 
Book ompeny Inc., New York, 1932), Chapter 8; and by F. C. 
Nix, Rev. Mod Phys. 4, 723 (1932). 

5 H. Lenz, Ann. d. Physik 77, 449 (1925) ; 82, 775 (1927) ; Physik. 
oar tiaas 65 (1925); B. Gudden and R. Pohl, Physik. Zeits. 26, 

6 A. J. Ahearn, Phys. Rev. 73, 524 (1948). 


in Fig. 1, a small spot near the center of the negative 
electrode on the crystal surface was bombarded by a 
beam of 5- to 900-volt electrons. The resulting increase 
in the current through the crystal was measured. 
Bombardment was continued, sometimes for over an 
hour, until the bombardment-induced current reached 
a steady value. 

Most of the experimental results will be expressed 
in terms of the ratio of the bombardment-induced 
crystal current to the bombarding current. This ratio, 
which will be designated by 6 and called the “bombard- 
ment yield,” is essentially the probability that a 
bombarding electron will cause an electron to pass 
through the crystal to the positive electrode. One may 
think of this as the product of four probabilities: P,, 
the probability that a bombarding electron or its sec- 
ondaries will pass through the bombarded electrode to 
the metal-crystal interface; P2, the probability that 
these electrons will pass from the metal into the crystal ; 
P3, the probability that, for each electron coming into 
the crystal, a conduction electron will leave the space- 
charge layer near the bombarded electrode; and P,, 
the probability that, for each electron leaving the space- 
charge layer, an electron will pass through the crystal 
into the positive electrode. When the bombarding volt- 
age is large, one may need to multiply P; by a suitable 
factor to take into account the liberation of additional 
conduction electrons within the crystal. 

Since P: depends on the electric field near the bom- 
barded electrode, it is to be expected that space-charge 
changes in the crystal could have a marked effect on 
the bombardment yield. If an equilibrium bombard- 
ment-induced crystal current exists, the probabilities 
Ps; and P, must approach unity as a limit for equi- 
librium conditions. Consequently the equilibrium yield 
is, at least for small bombarding voltages, essentially 
equal to the product of probabilities P; and P2, and is 
primarily a measure of the probability of electron 
emission into the crystal from the bombarded electrode . 
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Fic. 1. Details of the crystal mounting. The electron beam, in-. 


dicated by the vertical dashed lines, passes through the openings 
in electrodes 3 and 4 and strikes the thin evaporated copper film 
on the upper surface of the crystal (C). This conducting film is in 
contact with electrode 4 and completely covers the opening in it. 
Electrode 6 is in contact with the evaporated copper film on the 
lower face of the crystal (C) and is held in place by spring pressure 
acting on the plunger (P) and the glass plate (G). 


Il. EXPERIMENTAL EQUIPMENT AND PROCEDURE 


Natural yellowish-brown zincblende crystals’ of 
Japanese origin were split into irregularly shaped plates 
to furnish the two transparent and only slightly colored 
samples which were used for the experimental work. 
The dimensions of crystal A were approximately 4X5 
X1.6 mm and those of crystal B were 4X4X1.2 mm, 
the large faces being natural cleavage faces without 
visible flaws in the central area where the electron 


* beam would strike. The face which was to be exposed 


to electron bombardment was covered by a semi- 
transparent layer of evaporated copper whose thick- 
ness, as determined from its electrical properties,* was 
about 0.02 micron for crystal A and 0.05 micron for 
crystal B. An opaque layer of copper was evaporated 
onto the opposite face of each crystal. 

The essential features of the electron-gun assembly 
are shown in Fig. 2. Electrons emitted from the tungsten 
filament (F) passed through the holes in the center of 
electrodes 1 to 4 and bombarded the thin copper film 
on the upper surface of the crystal (C) which was either 
crystal A or B. External Helmholtz coils furnished a 
magnetic field of 100 gauss directed along the axis of 
the tube. This collimated the electron beam. The di- 
ameter of the beam when it struck the crystal face was 
about 0.5 mm, the diameter of the opening in electrode 
1, and appeared to be almost independent of the mag- 
nitude of the bombarding current. The bombarded area 
was only two percent of the total area of the evaporated 
electrode on the upper crystal face and about fifteen 


7A. J. Ahearn (see reference 6) found that a crystal from this 
lot was satisfactory as a crystal counter. He found, by spectro- 
chemical analysis, that this crystal had 0.01 to 0.3 percent mer- 
cury impurity and less than 0.03 percent each of cadmium, copper, 
iron, and lead. 

* A. Riede, Ann. d. Physik 45, 881 (1914). 
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Fic. 2. The electron gun and associated electrical circuit. The 
electron gun, which is drawn to scale, consists of the tungsten 
filament F and electrodes EZ, 1, 2, 3, and 4 which are circular 
copper disks with attached spun copper shields. See Fig. 1 for 
details of the crystal mounting. 


percent of the crystal surface area exposed to illumina- 
tion from the filament. The crystal (C), electrode 6, 
and the lead to electrode 6 were enclosed in a metal 
shield (not shown on Fig. 2) which prevented stray 
electrons from reaching electrode 6. 

The electron-gun assembly was enclosed in a Pyrex 
tube and a high vacuum was maintained in this tube. 
Unless specifically stated otherwise, a mixture of dry 
ice and acetone was placed around the Pyrex tube to 
cool the crystal to a temperature near that of dry ice. 
Heat from the filament warmed up the electron-gun 
assembly and the crystal temperature increased slowly 
for several hours after the filament was turned on. 
After completing the runs on crystal A and before 
crystal B was put in the electron-gun assembly, addi- 
tional radiating sleeves (not shown in Fig. 2) were 
attached to each electrode disk to give better thermal 
contact with the Pyrex tube. While the maximum rise 
in the crystal temperature was probably of the order.of 
15°C for crystal A, it was apparently less than 5°C 
for crystal B. 

The electrical circuit is shown in Fig. 2. Switch S was 
used to turn the electron beam off by applying a 45- 
volt retarding potential to electrodes 1 and 2. The po- 
tential of electrode 3 was kept at 0 to 3 volts positive 
with respect to the filament, thus maintaining electrode 
3 at a relatively large negative potential with respect 
to electrode 4 so that most of the reflected and second- 
ary electrons from the crystal electrode would return 
to electrode 4. A shunted Compton electrometer was 
used to measure the crystal currents for the early runs 
which will be designated as group K on Fig. 5. A 
vacuum-tube electrometer,’ using a Western Electric 
D-96475 tube with input shunts ranging from 10° to 
10" ohms, was used for the remainder of the readings. 


*M. Distad and J. H. Williams, Rev. Sci. Inst. 5, 289 (1934). 
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EQUILIBRIUM CURRENTS INDUCED IN ZINCBLENDE — 


The measured crystal currents ranged from 10~- am- 
pere to less than 10-“ amp. 
The following voltages and currents were measured: 


V.=Electron bombarding voltage, the potential difference be- 
tween electrode 4 and the midpoint of the filament (F) plus 
a small contact potential correction. 

i,= Electron bombarding current falling on the crystal electrode, 
essentially the same as 4, on Fig. 2 except for minor correc- 
tions for the crystal current and secondary electrons collected 
on electrode 3. 

V.=Crystal voltage, the potential difference between electrodes 
6 and 4 (considered positive when electrode 6 is positive with 
respect to electrode 4). The voltage V. was +450 volts except 
where specifically stated otherwise. 

ig= General expression for the current through the crystal to elec- 
trode 6 (considered positive when electrons flow from elec- 
trode 4 through the crystal to electrode 6). Currents %, 
(ip+t), and (é7+%s) are special cases of ig. 

ip»= Background: current through the crystal when the filament 
current is on and the electron beam is off. 

#p= Bombardment-induced current through the crystal. The total 
current through the crystal during electron bombardment is 
the sum of the two currents ig and 45. 

ir=Equilibrium or final value of the bombardment-induced 
crystal current ig. 

5=i,/%,, the bombardment yield. 
6r=ip/i., the equilibrium or final bombardment yield. 


The filament current, the crystal voltage (V.), the 
bombarding voltage (V.), and the voltage on electrode 
3 were kept constant during and after each electron 
bombardment run. The voltages on electrodes 1 and 2 
were adjusted when necessary to keep the bombarding 
current (i,) constant during a run and, through switch 
S, to turn the electron beam on and off. The input to 
the vacuum-tube electrometer was short-circuited when 
the electron beam was turned either on or off, and the 
first reading of the crystal current was taken not earlier 
than twenty seconds after the change had been made. 
The large time-constant. of the vacuum-tube elec- 
trometer made earlier readings impractical. 

The example given in Fig. 3 shows the observed 
crystal current for a set of runs for which the bombard- 
ing voltage was small. Starting with a relatively small 
dark current, the crystal current abruptly increased 
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Fic. 3. The observed crystal current (is) for a set of runs on 
crystal A. The bombarding voltage (V.) was 45 volts and the 
crystal voltage (V.) was +450 volts for all runs, but the bombard- 
ing current (2,) was different for each run as is indicated on the 
figure. The shaded areas represent the bombardment-induced 
current. “OFF” and “ON” refer to the electron beam. 
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Fic. 4. Dependence of the equilibrium bombardment. yield 
(ir/i.) on the bombarding current (é,). The bombarding voltage 
(V,) was 450 volts for groups A and D, 600 for B, 900 for C, 270 
for E, 150 for F, and 45 for G. The actual (¢r/i.) values for group 
G were a hundred times smaller than those plotted. The crystal 
voltage (V.) was +450 volts for all runs. 


when the filament current was turned on at 0.4 hour. 
This increase represents the photo-conduction current 
produced by illumination from the filament. When the 
electron beam was turned on at 0.9 hour, the crystal 
current jumped to about 2.4X10-" amp., which is off 
the graph. The crystal current decreased rapidly, reach- 
ing a minimum at 2.0 hours, and then increased slowly 
until the electron beam was turned off at 3.1 hours. 
The bombardment-induced current (ig) at any given 
time is represented on this figure by a vertical line 
from the top to the bottom of the shaded area. The 
current ig was essentially constant for the last half 
hour, and the equilibrium current ir is represented by 
the right-hand edge of the shaded area. Although the 
crystal current was still increasing at the end of the 
first run, this increase was caused by the increase in 
the background current (i,) as indicated by the upper 
dashed line. The slow rise in 7, was a consequence of the 
slow increase in crystal temperature produced by heat 
from the filament. The lower dotted line shows that the 
rise in 7, was much smaller for crystal B because the 
temperature rise was much smaller. One can see that 
the bombardment-induced current reached an equi- 
librium value more rapidly for the second and later 
runs shown on Fig. 3. 

If the bombarding voltage (V.) was less than 30 
volts, it was necessary to ¢ontinue bombardment for 
over three hours before the bombardment-induced cur- 
rent reached a steady value; but less than an hour was 
sufficient if V. was greater than 150 volts. When the 
bombarding voltage was large, the background current 
(tp) was usually negligibly small compared to the equi- 
librium bombardment-induced current (ir). The cur- 
rent if was as much as two thousand times larger 
than ip. 
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Ill. BACKGROUND CURRENT 


A typical value for the equilibrium dark-current was 
6X 10-'* amp.** Superimposed on this was a charging 
current which was inversely proportional to the time 
the voltage V. had been on the crystal.!° In a typical 
case this charging current had a value of 2X 10-* amp. 
at half a minute after the voltage had been put on the 
crystal and became negligibly small after about thirty 
minutes. A reverse polarization current, comparable in 
magnitude to the charging current, was observed when 
the crystal voltage was subsequently reduced to zero. 
Fluctuations arising from these effects were minimized 
by keeping the crystal voltage (V.) steady for an hour 
before and during all bombardment runs. 

The background current (i,) was both a dark current 
and a photo-conduction‘* current resulting from the 
illumination from the filament. The current i, was 
approximately proportional to the crystal voltage (V-), 
had almost the same magnitude for positive and nega- 
tive V., and was zero when V, was zero. It was markedly 
dependent on the crystal temperature and on the il- 
lumination from the filament. 

Electron bombardment had no apparent effect on 
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Fic. 5. Dependence of the equilibrium bombardment yield 
(ir/i.) on the bombarding voltage (V,) for runs using crystal A. 
The crystal voltage (V.) was +150 volts for group K and +450 
volts for group L.. 


% This included leakage currents across the sides of the crystal. 
The measured background and total crystal currents also included 
the very small surface leakage current. It had no effect, however, 
on the observed bombardment-induced crystal current because 
this was the difference between the total and the background 
currents. 

w also Paper No. 182, M. Distad, Phys. Rev. 55, 1147 
1939). ; 


either the time variation or the magnitude of the back- 
ground current (i,) when the equilibrium bombard- 
ment-induced current (ir) was less than twenty times 
larger than 7). When ir was more than fifty times 
larger than i», a small temporary increase in i, was 
usually observed just after the electron beam was 
turned off. For example, in an extreme case where ir 
was 1700 times larger than 7», the crystal current was 
6X10-“ amp. at two minutes after the electron beam 
had been turned off, and within ten minutes the back- 
ground current had returned to its normal value of 
4X10-“ amp. In all cases the magnitude of the tem- 
porary increase in the background current was very 
small in comparison to the magnitude of the bombard- 
ment-induced current. 

The useful life of the crystals was abruptly ter- 
minated by the onset of dielectric breakdown." At first 
there were only occasional surges in the crystal current 
and normal bombardment-induced currents were ob- 
served during the quiet intervals. Within a few days the 
fluctuations became so large and so frequent that it 
was impossible to obtain accurate readings. Crystal A 
was used for over three months, but crystal B showed 
signs of breakdown after only three weeks. The maxi- 
mum externally applied fields, when the crystal voltage 
(V.) was 450 volts, were 2800 volt/cm for crystal A and 
3750 volt/cm for crystal B. These are below the limits 
set by Lenz’ for avoiding rapid breakdown, namely 
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Fic. 6. Dependence of the equilibrium bombardment yield 
(ir/ie) on the bombarding voltage (V.) for runs using crystal B. 
Group M gives the results for the earlier runs and group N those 
for the later runs. The crystal voltage (V.) was -+450 volts for 


both groups. 


11 B. Gudden and R. Pohl, Zeits. f. Physik 6, 248 (1921). 
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5 kv/cm at room temperature and 20 kv/cm at liquid 
air temperature. 


IV. EQUILIBRIUM BOMBARDMENT YIELD 


The observed values for the equilibrium bombard- 
ment yield were, relatively reproducible in spite of 
variations in the background current, in the previous 
bombardment history, and in the time variation of the 
bombardment-induced current. Once equilibrium had 
been reached, the yield was observed to have a steady 
value for hours of continuous bombardment. 

The dependence of the equilibrium yield (6r=ir/1.) 
on the bombarding current (i,) is shown in Fig. 4, the 
bombarding voltage (V.) being kept constant for each 
group. Groups A to D show that as much as a thousand- 
fold change in 7, had only a relatively small effect on 
the observed 5r for large V.. The four points on the 
plotted line for group G, which are the most reliable 


‘readings in this group, give the results for the runs 


shown on Fig. 3 and lead to the same conclusion for 
small V,. On the whole, the data on Fig. 4 show that the 
equilibrium bombardment-induced current was pro- 
portional to the bombarding current to within the ex- 
perimental errors. 

The dependence of the equilibrium yield (6) on the 
bombarding voltage (V.) is shown by Figs. 5 and 6 for 
the runs on crystals A and B respectively. In each case 
most of the observed values fell on a straight line on 
the log-log graph to within the experimental error for 
V. up to 600 volts. This indicates that 


8r=(ir/ie)=KVe, (1) 


where 1 is the slope of the lines in Figs. 5 and'6 and K 
is a constant which is dependent on the crystal voltage 
(V.) and on the thickness of the bombarded electrode."* 
The measured values of m are 2.2 for group K, 2.0 for 
group L, and 2.6 for groups M and N. It is to be noted 
that the results agree with the simple relation given by 
Eq. (1) for as much as a ten-thousandfold change in 6p. 
Group L includes data for V, as small as 5 volts and a 
detectable bombardment-induced current was ob- 
served when V, was 3 volts. 

The experimental 5 values for V, greater than 600 
volts fall below the line passing through the observa- 
tions for smaller V, on Figs. 5 and 6. This deviation 
from the behavior for smaller V, was greater than the 
experimental error for these particular runs and was 
not due to progressive changes in the properties of the 
bombarded electrode. 

The equilibrium yield (57) increased as the crystal 

us The difference in yield values for groups M and N on Fig. 6 
was caused by an increase in the thickness of the bombarded elec- 
trode by matter evaporated from the filament when it was acci- 
dentally operated for a short time at a higher than normal tem- 


perature. Within each group, however, checks were made to deter- 
mine that progressive changes in the crystal electrode did not 


have a — effect on the yield values. For example, except for 
group K, the same bombarding voltage was used for the first and 
last readings in each group and in each case the yield values agreed 
to within ten percent. 


voltage (V.) was increased. Comparison of the plotted 
lines for groups K and L on Fig. 5 indicates that in- 
creasing V, from +150 to +450 volts increased dr by 
a factor ranging from 3.4 to 5.6, the larger increase 
being associated with smaller bombarding voltages. No 
similar data were obtained on crystal B except for one 
observation (when V, was 100 volts) that showed only 
a sixfold increase in 6 when V, was increased from +50 
to +450 volts. There was no indication of a saturation 
of 5r with increasing V,. 

The available experimental evidence, although some- 
what meager, does not indicate any dependence of the 
equilibrium bombardment yield (57) on the crystal 
temperature. Changes in crystal temperature which in- 
creased the background current by a factor of two or 
more had no marked effect on 57. This was checked for 
bombarding voltages (V.) ranging from 45 to 900 volts. 
In addition, two temperature runs were made, for which 
V. was 10 volts and the crystal voltage (V.) was 
+150 volts, going from the temperature of dry ice to 
room temperature. Although the background current 
increased by a factor of 38, the observed dr did not 
change by more than ten percent, which was less than 
the estimated experimental error for these particular 
runs. A later run with V, equal to 45 volts and V, 
equal to +450 volts indicated similar results, but in 
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Fic. 7. Total change in the observed bombardment yield (i3/i.) 
as a function of the bombarding voltage (V.) for typical runs on 
crystal B without previous bombardment. The open circles are 
the “first readings” which were taken from a half to four minutes 
after the electron beam was turned on. The solid dots represent 
final or equilibrium values. The crystal voltage (V-) was +450 
volts for all runs. The run for V, equal to 15 volts was stopped 
before equilibrium was attained. 
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this case the onset of dielectric breakdown made ac- 
curate measurements impossible. 


V. TIME VARIATION OF THE BOMBARDMENT YIELD 


The bombardment yield (6) varied with the bombard- 
ment time and, except for some of the earlier runs on 
crystal A, asymptotically approached its equilibrium 
value without any intermediate maxima or minima. 
The direction and magnitude of the change in 6 were a 
function of the bombarding voltage (V.) and of the 
previous bombardment history. Omitting a detailed 
discussion of the time variation, our attention will be 
confined to those aspects which indicate the general 
nature of the space-charge changes and their influence 
on the equilibrium crystal currents. 

We will first consider the behavior, as shown in Fig. 
7, for typical runs on crystal B when it had not been 
previously bombarded for at least twelve hours. These 
show that the bombardment yield (a) increased to its 
equilibrium value for V, greater than 270 volts, (b) 
showed practically no time variation when V, was 
about 270 volts, and (c) decreased to its equilibrium 
value for V, less than 270 volts. 

It is to be noted that for V, less than 270 volts the 
ratio of the “first” to the final yield values” was larger 
for smaller bombarding voltages, and that the ratio 
had values as large as twenty. Even larger values were 
observed on crystal A, the “first” yield value for run 
101 on Fig. 3 being seventy times larger than the equi- 
librium value. 

The time variation of the yield (6) for the second and 
subsequent runs on a given day was influenced by the 
previous bombardment history. The effect was rela- 
tively small for bombarding voltages (V.) greater than 
300 volts, but was quite pronounced for V, less than 200 
volts. If we let V.’ be the bombarding voltage for the 
preceding run, and éy be the time the electron beam was 
off between the runs, and confine our attention to the 
cases where the preceding run had been continued long 
enough for 6 to have reached its equilibrium value, then 
the following indicate the general tendencies for V. 
less than 200 volts: 

(a) V.’ equal to V.: The first reading of 5 was con- 
siderably smaller and 6 decreased to its equilibrium 
value in a shorter time than for runs without previous 
bombardment. The effect of previous bombardment was 
pronounced for é) of 30 minutes and was present even 
for much larger values of é. The same effect was ob- 
served even if the bombarding current was different 
for the two runs (as is shown in Fig. 3). 

(b) V.’ greater than V,: 5 decreased with time and, 
at least for V,’ in the range from 200 to 270 volts, pre- 


2 The actual initial values of 6, which were not measured, 
probably were very different from a “first” readings plotted on 
Fig. 7. It may be true for zincblende, as K. G. McKay, Phys. 
Rev. 74, 1606 (1948), found for diamond, that large changes in 
the bombardment-induced current take place during the first few 
microseconds of bombardment. 


vious bombardment had only a slight effect on the time 
variation of 6 if V. was considerably smaller than V,’. 

(c) V.’ less than V.: 5 increased to its equilibrium 
value if the beam had not been off too long. For example, 
this was observed when V,’ was 90 volts, V. was 150 
volts, and 4 was 20 minutes. 


VI. DISCUSSION OF SPACE-CHARGE EFFECTS 


The time variation of the yield appeared to be caused 
by a bombardment-induced space charge in the crystal 
which, by changing the field near the bombarded elec- 
trode, changed the probability of electron emission from 
the electrode into the crystal.“* We will consider this 
space charge to be superimposed on any space charges 
which may have existed in the crystal before the start 
of bombardment. The results shown on Fig. 7 indicate 
that the polarity of the bombardment-induced space 
charge was a function of the bombarding voltage (V.), 
being positive for large V, (i.e., over 270 volts for 
crystal B) and negative for small V,. 

The equilibrium yield was found to be independent 
of the magnitude of the bombarding current. This in- 
dicates that the equilibrium density of the bombard- 
ment-induced space charge was probably also inde- 
pendent of the magnitude of the bombarding current. 
The time-variation characteristics discussed in the 
preceding section indicate that the equilibrium density 
of the negative space charge, which is associated with 
small bombarding voltages (V.), apparently increased 
in magnitude as V, was decreased.”> A similar con- 
sistent trend was not observed for the positive space 
charge associated with large V., a larger space-charge 
effect being observed when V, was 450 volts than when 
V. was either 270 or 900 volts. Since the equilibrium 
yield did not show a dependence on the crystal tem- 
perature, it appears, as a first approximation, that the 
equilibrium density of the space charge was not de- 
pendent on the crystal temperature. 

The dependence of the time-variation characteristics 
on the previous bombardment history shows that the 
negative bombardment-induced space charge per- 
sisted for tens of minutes after the cessation of elec- 
tron bombardment. This space charge apparently was 
very close to the bombarded electrode because it had 
practically no effect on the background current, but 


%8 The runs discussed in the preceding section gave results 
which were qualitatively consistent and quantitatively repro- 
ducible to a degree that made it seem unlikely that changes in 
the transmissivity of the bombarded electrode were the primary 
cause of the time variation for these runs. Some of the earlier runs 
on crystal A did have an erratic behavior which was ascribed to 
variations in the properties of the bombarded electrode, but the 
time variation for these runs has not been considered in this paper. 

2b This is suggested by the observation that the ratio of the 
“first” to final yield values, as shown on Fig. 7, had larger values 
for smaller V, when V, was less than 270 volts. It is more defi- 
nitely shown by the experimental observation that the yield 
increased with time when V, was larger than the bombarding volt- 
rtm the preceding run (V,’), a decreased if V, was smaller 
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had a very pronounced effect on the bombardment 
yield. 

One can think of the bombardment-induced space 
charge as being composed of both a negative space 
charge consisting of trapped electrons and a positive 
space charge formed by the ionizing action of the elec- 
trons coming into the crystal. It is quite possible that 
the equilibrium density of the negative space charge is 
relatively independent of the bombarding voltage (V.), 
while the equilibrium density of the positive space 
charge probably increases as V, is increased. Thus the 
negative space charge would predominate for small V,, 
the magnitude of the net space charge would decrease 
as V, was increased, and the positive space charge 
could predominate for large V.. The effect of thermal 
or photoelectric. action on the rate of liberation of elec- 
trons from traps and on the neutralization of the posi- 
tive space charge was apparently so small that it did 
not have a major effect on the equilibrium magnitude 
of the bombardment-induced space charge. 


VII. DISCUSSION OF RESULTS 


The maximum externally applied fields, 3750 volt/cm 
for crystal B, were such that it was unlikely" that elec- 
trons would travel 1.2 mm (or 1.6 mm) through the 
crystal without being temporarily trapped at some im- 
perfection or flaw. One might expect that this would 
build up a negative space charge distributed through- 
out the body of the crystal and that the resulting space 
charge would cause a decrease in the background cur- 
rent after the cessation of bombardment, but no such 
effect was observed."* Apparently either the density of 
available traps was small or, as seems more probable, 
the rate of liberation of electrons from these traps by 
thermal or photoelectric action of the illumination from 
the filament was large. It seems, at least under semi- 
equilibrium conditions, that an electron has a relatively 
high probability of eventually passing through the 
crystal once it gets past the space-charge layer near 
the bombarded electrode. 

It is quite possible, however, that the presence of 
inhomogeneities is the explanation for the apparent 
absence of a negative space charge in the body of the 


2e Only two percent of the total electrode area was exposed to 
electron bombardment. If the space charge were very close to the 
bombarded electrode and covered an area equal to that of the 
bombarded spot, its effect on the bombardment-induced electron 
emission into the crystal could be large and, at the same time, its 
effect on the total background current after the cessation of bom- 
bardment could be small. 

18 B. Gudden and R. Pohl, Zeits. f. Physik. 17, 331 (1923), 
found that a field of about 10 kv/cm was required to saturate the 
primary om png gp current through a typical zincblende 
crystal which was 1.3 mm thick. 

188 Instead of a decrease, the passage of very large bombardment- 
induced crystal currents produced a small temporary increase in 
the background current after the cessation of bombardment. 
This seems to indicate that there was a small temporary increase 
in the density of electrons trapped in the body of the crystal, and 
that the observed increase in the background current was caused 
by the subsequent liberation of the trapped electrons by thermal 
or photoelectric action. 


crystal. Ahearn and Wannier“ have suggested that 
the current through the crystal may be carried prin- 
cipally along conducting channels. Using this concept, 
one may assume that the electrons coming into the 
crystal as a consequence of bombardment would pass 
through the lattice until they reached one or more of 
the conducting channels, and that they would then pass 
along these channels to the positive electrode. Bom- 
bardment-induced changes in the space charge—even 
if they extended for some distance into the crystal— 
would have only a relatively small effect on the back- 
ground current if the bombardment-induced current 
was carried by only a relatively small fraction of the 
total number of conducting channels. Although in- 
homogeneities undoubtedly existed, the available in- 
formation is insufficient to determine the extent to 
which they affected the space-charge formation in the 
crystal and the conduction processes through the 
crystal. 

The effect of surface irregularities makes it difficult 
to determine the probability of electron transmission 
through the bombarded electrode. The bombardment 
yield values for the “first readings” on Fig. 7 for a 
0.05-micron copper electrode are about an order of 
magnitude smaller than the transmissivities observed 
by Becker’ for electrons passing through 0.04-micron 
nickel foils when he did not include transmitted sec- 
ondaries with energies less than four electron volts. 
The dependence on bombarding voltage is, to a crude 
approximation, similar in the two cases. This indicates, 
if one assumes that nickel’ and copper have similar 
transmission properties, that the bombardment yield 
is probably of the same order of magnitude as the 
crudely estimated transmissivity of the bombarded 
electrode.’® 

The large bombardment yields observed by McKay” 
in diamond, and by others"’ in other substances, yields 
which were considerably greater than unity, were 
ascribed to the production of a large number of internal 
secondaries by each bombarding electron. The cur- 
rents observed by Lenz when he exposed a zincblende 
crystal to electron beams, with bombarding voltages 
ranging from 5 kv to 15 kv, also appear to have been 
caused principally by the liberation of conduction elec- 
trons and holes within the crystal. In the experiments 
described in this paper, some of the electrons entering 
the crystal probably had sufficient energy to produce 
internal secondaries. If these secondary electrons were 
free to move through the crystal, the bombardment 
yield could be considerably greater than the probability 


4 Informal discussion. See G. H. Wannier, Phys. Rev. 76, 438 
(1949) and D. D. Pant, Proc. Ind. Acad. Sci. 19A, 329 (1944). 

15 A. Becker, Ann. d. Physik 84, 779 (1927); 2, 249 (1929). 

16 The observed bombardment yields are, however, very much 
smaller than one would estimate from the results of H. Katz, 
Physik. Zeits. 38, 981 (1937) and Ann. d. Physik 33, 160 (1938), 
on 0.1-micron silver foils. 

17 E. S. Rittner, Phys. Rev. 73, 1212 (1948); L. Pensak, Phys. 
Rev. 75, 472 (1949); F. Ansbacher and W. Ehrenberg, Nature 
164, 144 (1949). 
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of electron transmission through the bombarded elec- 
trode and into the crystal.!’* The degree to which in- 
ternal secondaries contributed conduction electrons to 
the crystal current is uncertain because the transmis- 
sion probabilities are not known with sufficient ac- 
curacy, but the observed yields were so small that it 
does not appear necessary to assume that internal 
secondaries were a major source of the electrons making 
up the bombardment-induced crystal current.'® 

We have seen that certain factors, such as crystal 
temperature and illumination from the filament, which 
had a pronounced effect on the dark conductivity and 
on the photoconductivity of the crystal, seemed to 
have little or no effect on the bombardment yield. This 
emphasizes the observation that the magnitude of the 
yield was primarily determined by factors, such as 
space charge and bombarding voltage, which affected 
the probability of electron emission from the bom- 
barded electrode into the crystal. It has also been ob- 
served,!® but not discussed in this paper, that there 
was no detectable bombardment-induced current for 
large negative crystal voltages (bombardment of posi- 
tive electrode) when the bombarding voltage was 150 
volts or less. It appears that the “conductivity” of the 
crystal was not the major limiting factor, but that the 
bombardment yield was primarily a measure of the 
probability of electron emission into the crystal. 


VIII. SUMMARY 


Equilibrium bombardment-induced crystal currents 
were observed when the negative electrode on a zinc- 


17a The rate of positive space-charge formation was so small, 
particularly after a few minutes of bombardment, that the re- 
sulting secondaries probably were only a small part of the total 
bombardment-induced crystal current. 

18 N. Bloembergen, Physica 11, 343 (1945), who bombarded a 
silver chloride crystal with short pulses of 10- to 500-volt electrons 
and was unable to detect a bombardment-induced crystal current, 
concluded that the yield was less than 0.05 percent of what one 
might expect from crystal-counter experiments with high energy 
electrons. In this particular case it also appears that internal 
secondaries were not an effective source of conduction electrons 
when the bombarding voltage was small. 

19M. F. Distad, Summaries of Ph.D. Theses (University of 
Minnesota, Minneapolis, Minnesota), Vol. II (1943), p. 191. 


blende crystal was exposed to bombardment by 5- to 
900-volt electrons. The crystal temperature was near 
that of dry ice for most of the runs. The equilibrium 
yield, which was the ratio of the bombardment-induced 
crystal current to the bombarding current, (a) had 
values ranging from about 10-5 to 10-°, (b) was inde- 
pendent of the magnitude of the bombarding current, 
(c) was proportional to the bombarding voltage raised 
to the mth power where m ranged from 2.0 to 2.6 for 
voltages up to 600 volts, (d) did not show a dependence 
on the crystal temperature, and (e) increased as the 
crystal voltage was increased. The yield did not de- 
pend on the magnitude of the background current. Only 
large bombardment-induced currents had an effect on 
the background current. 

The time variation of the yield indicated that a 
bombardment-induced space charge, apparently very 
close to the bombarded electrode, had a marked effect 
on the yield. This space charge was positive for large 
bombarding voltages (i.e., over 270 volts for crystal 
B), and negative for small voltages. The equilibrium 
density of the space charge was independent of the 
magnitude of the bombarding current and of the crys- 
tal temperature, but depended on the bombarding 
voltage. The equilibrium magnitude of the negative 
space charge was greater for smaller bombarding 
voltages. 

The primary result of bombardment seems to be the 
emission of electrons into the crystal from the electrode. 
Once these electrons get past the space charge near the 
surface, they apparently have a high probability of 
passing through the crystal into the positive electrode 
under equilibrium conditions. It does not appear to be 
necessary to assume that internal secondaries were a 
major source of conduction electrons. 

The writer wishes to express his appreciation to 
Professor J. T. Tate who in 1934 first suggested the 
possibilities in an investigation of this type, to Pro- 
fessor J. W. Buchta who was the faculty adviser for 
the later part of the work at the University of Minne- 
sota, and to Professor E. L. Hill who also generously 
gave his time to discuss the results. 
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Periodic Deviations in the Schottky Effect for Tantalum* 
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Periodic deviations from the Schottky law in the thermionic emission from patchy surfaces of tantalum 
and thorium on tantalum have been measured for fields up to 3X 105 volts cm~, and at temperatures of 
1200 and 1500°K. The work function of the clean tantalum as determined by Richardson plots was 4.03 
+0.04 ev, and was changed by approximately 1/2 volt by thorium deposition. A method was found for 
separating the periodic deviations from the patch effects. 

For clean tantalum the phase and amplitude of the deviations are in approximate agreement with the 
theory when the tunnel effect is neglected. The temperature variation was found to be in accordance with 


theory. 


The thorium on tantalum caused the amplitudes of the deviations to decrease and the phase to shift 
toward lower fields. The decrease of amplitude seems to rule out the existence of a potential peak at a 


composite emitter surface of this type. 





I, INTRODUCTION 


ERIODIC deviations in the Schottky effect! have 
been reported for thermionic emission from tung- 
sten?-> and from tantalum.’ Mott-Smith® suggested 
that these deviations might be a quantum-mechanical 
effect. Upon this suggestion Guth and Mullin’ * derived 
expressions which describe the observed phenomenon 
as a function of the electric field, the temperature, and 
certain electronic properties of the emitter. It was also 
implied’ * that a patchy emitting surface might influ- 
ence the observed deviations. 

The present investigation was undertaken to study 
the effects of patches, temperature, and change of work 
function, and thereby to determine the applicability of 
the phenomenon to research upon the surface physics 
of solids. Thermionic emission from patchy surfaces of 
tantalum was measured at 1500 and 1200°K with 
collecting fields up to 3X10° volts cm~. The work 
function was altered by evaporating thin films of 
thorium from a thoriated tungsten filament upon the 
tantalum, and corresponding changes were observed in 
the periodic deviations. 


Il. PREVIOUS RESULTS 


The Schottky law! for a uniform metal surface can 
be written as 


I=I, exp[e(eE)1/kT ], (1) 


where J is the emission current for the collecting field 
E, Io the zero field current, and T the absolute temper- 


‘ hips This research was sponsored by the U. S. Navy Bureau of 
[Now at the National Argonne Laboratory, Chicago, Illinois. 
Pe a Sy at the U. S. Naval Ordnance Test Station, Inyokern, 

ornia. 
wv: Schottky, Physik. Zeits. 15, 872 (1914). 

R. L. E. Seifert and T. E. Phipps, Phys. Rev. 53, 493 (1938). 
oR L. E. Seifert and T. E. Phipps, Phys. Rev. 56, 652 (1939). 
4D. Turnbull and T. E. Phipps, Phys. Rev. 56, 663 (1939). 

5 W. B. Nottingham, Phys. Rev. 57,9 935 (1940). 
*H. M. Mott-Smith, Phys. Rev. 56, 668 (1939). 
7E. Guth and C. J. Mullin, Phys. Rev. 59, 575 (1941). 


8 E. Guth and C. J. Mullin, Phys. Rev. 61, 339 (1942). 
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ature of the emitter. From this equation it follows 
that the common logarithm of J plotted against the 
square root of E should be the straight line 


logI —logI»p—Cyé/T =0, (2) 


where the constant Co is 1.914 deg. K (cm volts~)}, 
and E! is designated by the symbol ¢. 

Experiments on tungsten*-* and tantalum’ have 
indicated that the right side of Eq. (2) is not zero, but 
instead is an oscillating function of the field. Typical 
periodic deviations obtained experimentally by Turn- 
bull and Phipps‘ are shown by the open circles in Fig. 1, 
where the amplitude F2 is plotted against & The 
amplitude and period increase with the applied field. 
A more complete examination of published data indi- 
cates that the amplitudes may increase with decrease 
in temperature without affecting the phase,?~* and 
that the deviations for tantalum appear to be the same 
as those for tungsten.’ 

The derivation of Eq. (1) is based on the assumption 
that all electrons within the metal moving toward the 
surface barrier have a transmission coefficient which is 
independent of the field. Since a humped potential 
barrier is formed outside the metal surface, quantum 
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Fic. 1. Periodic deviations in the Schottky effect for tungsten. 
The theoretical curves are calculated for W,=10.3 electron volts. 
Theory I neglects the tunnel effect which is included in Theory IT. 
The arrows indicate positions of maxima and minima. 
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TABLE I. Values of the constants for the Guth-Mullin theory 
(see Eq. (5)). Units for the field and temperature are volts cm™ 
and deg. K respectively. W. was taken as 9.27 electron volts for 
tantalum and 10.3 electron volts for tunsten. It was assumed 
W.=W:+¢e, where W; is the chemical potential and ge the 
work function. 











cs General Tantalum Tungsten 
CiX 108 —1.58 —1.58 —1.58 
C2X 108 —9,29W 3 —28.2 —29.8 
Cs 358 358 358 
7.38, Wa 
Cs —wattgs > —2.7 —2.5 
7.38, Wat 
Cs —watiagto —1.9 —1.7 








mechanics predicts the reflection? of some of the elec- 
trons with kinetic energies sufficient to escape in 
classical mechanics. Interference among the reflected 
electron waves leads to maxima and minima in the 
transmission coefficient as the height and thickness of 
the barrier vary with change of field. The quantum- 
mechanical probability that some electrons may tunnel 
through the barrier also contributes to the transmission 
coefficient. When allowance is made for the variation 
of transmission coefficient with field the Schottky law 
becomes 


I=ILD(E)/D(0)] exple(eE)'/kT], . (3) 


where D(E) is the mean transmission coefficient for 
field E, obtained by averaging over the energy distri- 
bution of the emitted electrons and D(0) is the mean 
transmission coefficient for zero field. Then Eq. (2) 
becomes 


logI —logI»—Cot/T=logD(E)—logD(0)=A, (4) 


where A represents deviations from the Schottky law. 
Guth and Mullin’ * computed A in Eq. (4) for the Max- 
wellian distribution of electrons transmitted through a 
barrier composed of an image potential combined with 
the potential due to the applied field. Their results 
may be written 


A=F,+F, (Sa) 


where according to this theory, the deviation A is 
composed of two functions of EZ: the periodic function 
F., and the monotonic function F,; about which F, 
oscillates. If the tunnel effect is neglected,’ then F; is 
given approximately by 


Fy=C,é/T (Sb) 


where C; is a universal constant of the order 10-* deg. K 
(cm volts—')?. When the tunnel effect is added, accord- 
ing to the theory® F; reduces to a negligibly small 
quantity. 


The complete expression for the periodic term F? is 


Coe 1 C3 1 C3 
F,= — cos = tC.) +—0os(—+cs) | (5c) 
rtf fa ¢ 


where the second cosine term results from taking into 
account the tunnel effect and reduces to zero if this 
effect is neglected. The slowly varying functions /; and 
fe in formula (5c) are 


. fy=[(15.14+0.15824/7)?+88.9]}, (Sd) 
f2=[(30.2—0.158¢/T)2+- 88.9}, (Se) 


if the field is in volts cm~ and the temperature in 
deg. K. To a good approximation C, C2, Cs, Cu, and Cs 
are constants for a given emitter, whose computation 
as well as that of the functions f; and f: involve only 
natural physical constants. Computed values are listed 
in Table I. 

The function F2=A—F, should represent the experi- 
mentally observed periodic deviations from the Schottky 
line. Computed curves for F; in the case of tungsten 
are displayed with the experimental data in Fig. 1. 
Curves A and B have been computed for tungsten at 
1500 and 2500°K respectively, neglecting the tunnel 
effect. Curve C includes the tunnel effect at 1500°K. 


















































°S. Dushman, The Elements of Quantum Mechanics (John Fic. 2. Experimental tube for rp deviations in the Schottky 


Wiley and Sons, Inc., New York, 1938), Chapter 3. 


effect for thermionic emission from filaments. 
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Fic. 3. Circuit diagram. The vibrating reed electrometer is used 
as the null indicator. 


General features agree, but at higher fields a large 
phase difference occurs between computed and experi- 
mental curves. This is particularly apparent when 
positions of the extrema, indicated by the arrows in 
Fig. 1, are compared ; the data of Turnbull and Phipps‘ 
are consistent with those of Nottingham,® but both are 
at variance with the theory when fields reach the order 
of 10° volts cm, even when the tunnel effect is neg- 
lected. 


Ill. EXPERIMENTAL METHOD 
Tube Construction 


The present study of Schottky deviations was made 
on fine-grained unpolished filaments of tantalum.’ 
Figure 2 shows the construction of the experimental 
tube. The 0.001-inch tantalum filament F is held taut 


along the axis of the coaxial collector-guard-ring-system — 


CGG by the molybdenum spring S. The diameter of F 
was determined within 0.2 percent by weighing meas- 
ured lengths and using the value of 16.60 g cm~ for 
the density." The collector and guard rings were 
tantalum cylinders 2 cm in diameter and 3 cm long. 
The source of thorium was the thoriated tungsten 
filament” F, held taut by spring S; and located near 
the collector to minimize distortion of the field at the 
cathode F. Mechanical precision was attained by 
mounting the tube elements on the beaded framework, 
upon which centering and aligning were done independ- 
ently of the glass envelope. The 7052 glass beads BB 
were able to withstand a cathode to anode potential 
difference of 15 kv and maintain a leakage conductance 
of less than 10-"* mhos. Essentially standard procedure” 
was followed in the preparation of parts for vacuum 
and in pumping the tube and outgassing the parts 
during evacuation. The tube was sealed off at a pressure 


10 Experiments now in progress on highly polished 0.005-inch 
tantalum wires have revealed no differences in the deviations for 
polished or unpolished filaments. 

lL, Malter and D. B. Langmuir, Phys. Rev. 55, 743 (1939). 

2 The thoriated tungsten wire was furnished by the Cleveland 
Wire Works of the General Electric Company through the 
courtesy of Mr. W. M. Rossington. 

8 W. B. Nottingham, J. App. Phys. 8, 762 (1937). 
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Fic. 4. Periodic deviations about a patch break. The slope of 
the normal Schottky region is Mr; the slope of the anomalous 
region is M,. 


of 2X 10-* mm of Hg, measured by a conventional type 
ionization gauge, after barium getter was flashed in 
the end bulb illustrated in the drawing. The tantalum 
filament was cleaned and stabilized by 10-minute 
periods of flashing at 2350°K. After the source filament 
F, was flashed initially at 2900°K for one hour for 
outgassing and for reducing the thoria, it was main- 
tained at 2500°K for the evaporation of thorium. At 
this temperature it required about 20 hours to deposit 
a fraction of a monatomic layer of thorium sufficient to 
reduce the work function of clean tantalum by approxi- 
mately one-half volt. During evaporation periods the 
receiver filament F was held at 1500°K to encourage 
migration over its surface.’* Even at this temperature 
it required about one-half hour after F; was turned 
off to complete the migration process and obtain an 
equilibrium state of the emitter system. 









"OF, FOR CLEAN TANTALUM AT 1504° K 


2-2 Tube No! 
-+--—+- Tube No 2 


Sr 1500° A\ 
eo 
Ad aN ‘ 























2, Ope 
° v WwW 
x \ 
u’ 5 \' 
. 
_ er | 
Ty 1 L i 4 
10 i 1 i 1 Seifert — 
CY eae, eet t rn 1 ? te 
€: VE 
i i iL iL L i L i L 
100 200 390 400 500 





€  (volts/em)'/® 


Fic. 5. Periodic deviations for clean tantalum. The theoretical 
curves are calculated for W,=9.3 electron volts. Theory I neglects 
the tunnel effect which is included in theory II. The arrows 
indicate positions of maxima and minima. 


“4 The getter was KIC type 61018F, furnished by the Kemet 
Laboratories of Cleveland, Ohio, through the courtesy of Mr. 
Milo Wells. 

16 C, J. Gallagher, Phys. Rev. 65, 46 (1944). 
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Fic. 6. The temperature dependence of the periodic deviations 
for clean tantalum. Curve (1) for 1504 deg. K is transferred from 
Fig. 5. Both curves (1) and (2) are drawn as the best fit to experi- 
mental data. The theoretical ratio of the amplitudes is computed 
from the inverse temperature relation (see Eq. (5)). 


Electrical Measurements 


The measuring circuit is represented by the block 
diagram in Fig. 3. The temperature of the filament F 
was obtained from the Malter-Langmuir" tables of the 
V’A" function; the voltage across the filament was 
measured by the potentiometer P2, and the heating 
current was determined from the voltage across the 
standard 1-ohm resistor Rr measured by the potenti- 
ometer P;. While the absolute value of the temperature 
is not accurate" to better than 10°K, constancy of 
temperature was checked during the taking of emission 
data by monitoring the filament heating current and 
voltage. The filament current was supplied by a bank 
of five lead storage batteries connected in series and 
operated on the part of their discharge characteristic 
over which the voltage was constant. The batteries 
were inspected daily and the specific gravity kept 
between 1.200 and 1.250, in order to keep the current 
stable over any one run. The variation in temperature 
during a run was no greater than 0.2 percent. 

The magnitude of the field at the cathode F opposite 
the midpoint of the collector was found from the 
collector voltage, which was obtained from potenti- 
ometer reading Ps; across a section of the calibrated 
voltage divider R2R:. The current was determined by 
balancing out the ohmic drop across the resistor R,, and 
reading the balancing voltage was potentiometer P,. 
The null indicator was an Applied Physics Corporation 
Model 30 Vibrating Reed Electrometer,!* which had 
remarkable stability. In the present application currents 
of 10" amp. were measured reproducibly to a precision 
of 10-“ amp. The high resistance R, could be adjusted 
to 0.1008, 1.185, 12.10, 120.0, or 1580 megohms by 
switching. The high resistance components were S. S. 
White resistors mounted on Teflon standoff insulators 
of shunt resistance greater than 10° ohms; these com- 
ponents were checked periodically against a Leeds and 


aa” Swank, and Grenchik, Rev. Sci. Inst. 18, 298 


LABERGE, AND COOMES 


Northrup 1000.0-ohm standard resistor. The maximum 
error in the emission current determinations is esti- 
mated at 0.1 percent. 


IV. EXPERIMENTAL RESULTS 
Effect of Patch Fields 


Schottky plots of the emission data usually exhibited 
patch breaks,’ as shown in Fig. 4. The slope for the 
higher fields checked the value C)/T computed from 
the temperature, while the anomalous slope had a 
larger value, as expected from patch theory. In each 
field region the slope M and the intercept log/o were 
determined graphically and the periodic deviations 
computed as the quantity F,=logJ—logI>—Mé; the 
slope and the intercept in a given region of constant 
slope must be used to compute the experimental values 
of F, in that region. This is illustrated in Fig. 4, where 
the open circles are the deviations computed using Mr 
alone. In this case there is a drifting of points below the 
break, which does not occur if the slope and intercept 
appropriate to the region are employed. When the 
anomalous slope M, is used for the lower fields, the 
computed deviations represented by the closed circles 
in Fig. 4 are obtained. 


Clean Tantalum 


The value of 4.03-0.04 ev obtained for the thermi- 
onic work function of tantalum by means of Richardson 
plots was taken as evidence for an uncontaminated 
surface.!® Experimental curves of F: for clean tantalum 
are shown in Fig. 5 and Fig. 6. Figure 5 shows a com- 
parison of experimental and theoretical curves for 
1500°K. The open and closed circles in Fig. 5 represent 
data from two different experimental tubes, corrected 
for the patch effect by the method described in the 
preceding section. The arrows indicate positions of the 
extrema according to Seifert and Phipps,® the theory,’ 
and the present results. 





F, FOR THORIUM ~ ON- TANTALUM 


* 4.03 volts (clean Ta) 
* 3.83 volts 
= 2.73 volts 


---— 1504" K 
<-0-0-1214° K 
-0-e (468° K 


x 105 


FL 
°o 
y 
Ke 
Ss 
b/ ’ 
a 
8, 
- 
a 














700 ‘ 200 ; 300 : 400 500 
€ (volts Zemy'/? 

Fic. 7. Periodic deviations in the Schottky effect for thin films 
of thorium on tantalum. The values of work function were 
determined experimentally by Richardson plots. The amplitudes 
decrease and the extrema shift to lower values of applied field 


with decrease in work function. 


17C, Herring and M. H. Nichols, Rev. Mod. Phys. 21, 185 
(1949), Chapter 2. 
wn Rowe, Ewald, and Kidnér, Phys. Rev. 25, 338 
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In. Fig. 6 the experimental curve for 1504°K is drawn 
as the reference curve. The open circles in Fig. 6 
represent the experimental results at 1213°K. The 
phase is unaffected by the decrease in temperature, 
but the amplitudes of the periodic deviations have 
increased. The ratios of the amplitudes at three extrema 
are listed in the table in the figure. 


Thorium on Tantalum 


In Fig. 7 the experimental F; deviations for.thorium 
on tantalum are compared with those for clean tanta- 
lum. As the work function of the filament was decreased 
from 4.03 to 3.83 to 2.73 ev, not only did the amplitudes 
decrease in each instance, but the extrema of the 
deviations also shifted to lower values of applied field. 


V. DISCUSSION 


The mean positions for the maxima and minima in 
F, for clean tantalum are listed in Table II for the 


present experiment. Over the range of fields studied 


these data for the phase of the deviations are in fair 
agreement with theory if the tunnel effect is neglected. 
The experimental amplitudes are always less than 
theoretical (Fig. 5), this discrepancy increasing at the 
higher fields. 

The two important aspects of lowering the emitter 
temperature are encountered when the deviations ob- 
served at 1213°K for a clean tantalum filament are 
compared with the 1504°K data taken on the same 
filament. First, the amplitudes as shown in Fig. 6 
increase inversely with temperature, in substantial 
accordance with the theory. This may be brought out 
by comparing the ratios of the amplitudes at the three 
principal extrema, which has been done in the table in 
the figure. Secondly, it may be observed that experi- 
ment reveals no change in phase as the temperature is 
changed, which is also implied by the theory whether 
or not the tunnel effect is included. 

The principal effects experienced when the work 
function of the tantalum surface was lowered by thin 
films of thorium were two: (a) the amplitudes of the 
periodic deviations decreased, and (b) the positions of 
the extrema shifted to lower values of field. These 
results are displayed in Fig. 7. Herring'® has pointed 
out that the existence of a peak in the potential barrier 
near the surface of a composite emitter, which has 
sometimes been surmised, should become noticeable 
through an increase in the amplitudes of the periodic 
deviations. The decrease in amplitudes exhibited by the 
present data does not substantiate the existence of 
such a barrier modification for thorium on tantalum, 
within a range of work functions from 4.03 to 2.73 ev. 

The shift of extrema to lower fields and the decrease 


19C, Herring and M. H. Nichols, Rev. Mod. Phys. 21, 185 
(1949), Chapter 4. 


TABLE II. Positions of the maxima and minima in the periodic 
deviations for clean tantalum in terms of E} (volt cm~1)4. The 
maxima are given in italics. 








Computed from the 


Observed b: Observed by Guth-Mullin theory> 





— Sa ae 

80 78 

90 92 

104 110 

110 132 132 
160 164 164 
200 206 208 
260 267 273 
355 364 374 








® See reference 3. 
b See reference 7. 


in amplitudes when thorium is deposited on clean 
tantalum may be accounted for in part by a decrease 
in W, with decrease in work function. This can be seen 
qualitatively from an examination of Eq. (5), where 
W, occurs in such a manner in both the amplitude 
factor C2 and in the phase factors Cy, and C;, that a 
decrease in W, implies a simultaneous decrease in 
amplitudes and a shift in extrema to lower values of &. 


VI. CONCLUSIONS 


The results of this experiment tend to establish the 
following points. (a) The temperature variations for 
periodic deviations are as theory predicts, namely an 
inverse variation of the amplitude with no shift in 
phase. (b) The deposition of a thin film of thorium on 
a clean tantalum surface does not produce a potential 
peak, since the addition of the thorium decreases rather 
than increases the amplitudes of the deviations. The 
data seem to indicate that the theory in its present 
state accounts for the fundamental physical factors 
involved in periodic deviations from the Schottky 
effect; probably a revision in the basic theoretical 
model to include such details as the atomic structure 
of the surface and of the interior of the metal would 
lead to more exact quantitative agreement. 
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Dr. C. Herring and Mr. George E. Moore of the Bell 
Telephone Laboratories. Dr. Herring offered many 
helpful suggestions during the course of the work, and 
together with Mr. Moore read and criticized the 
manuscript. Thanks are expressed to Mr. H. W. 
Weinhart of the Bell Telephone Laboratories for his 
assistance with the filament structures. We also wish 
to thank Mr. Ernest Parsons and Mr. Fay Gifford of 
our own group for their technical assistance in carrying 
out the experiment and in preparing the manuscript. 
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Magnetoresistance of Bismuth at 3000 Megacycles 
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The magnetoresistance of bismuth for frequencies of 3.5 Mc has been found to be of the same magnitude 
as for steady direct currents. On the other hand, for long infra-red waves (8u) the magnetoresistance is zero. 
Using a resonating bismuth cavity and a slotted wave-guide measurements of the standing wave ratio 
have indicated that magnetoresistance at 3000 Mc is not more than half as big as for direct currents. This 
small value of magnetoresistance is possibly due to the fact that the skin depth is of the same order of 
magnitude as the mean free path of electrons in the metal. 





I, INTRODUCTION 


HE effect of a magnetic field on the resistance of 
bismuth for electric currents of high frequency 
has been investigated at 3.5 Mc by Blunt! and found 
to be of the same magnitude as for direct currents. For 
frequencies in the infra-red no magnetoresistance is to 
be observed? for wave-lengths of 8u. It appears, there- 
fore, that somewhere in the region between wave- 
lengths of 85 meters and 8u the magnetoresistance of 
bismuth drops to zero. In order to investigate this 
phenomenon more precisely some experiments have 
been performed at wave-lengths of 9.2 cm using a 
klystron oscillator and a resonating cavity made of 
bismuth. 


II. APPARATUS 


Power was fed from the klystron through a flexible 
coaxial line and a slotted coaxial wave guide into a 
bismuth cavity which was loop coupled to the end of 
the slotted section. This cavity was of the cylindrical 
re-entrant type, of diameter 2.1 cm and length 2.3 cm. 
A central coaxial rod of length 1.8 cm and diameter 
0.57 cm extended from the top of the cavity to within 
0.5 cm of the bottom. Tuning for resonance was 
effected by a screw through the bottom. All parts were 
of cast and machined bismuth. 

In operation much of the incident energy was re- 
flected from thé cavity and the standing wave in the 
slotted section was investigated in the usual way with 
a probe, crystal rectifier, and sensitive galvanometer. 
Large attenuation was inserted between the klystron 
and the slotted section in order to cut down the power 
to the microwatt region where the crystal rectifier gives 
readings accurately proportional to the power. This 
attenuation also served to insulate the klystron from 
the effects of the reflected energy. , 

The bismuth cavity was placed between the poles 
of an electromagnet with pole faces 5.1 cm in diameter 
and 4.1 cm apart. A field of 6900 oersteds was used in 
most of the experiments. The cavity was excited in the 


1R. F. Blunt, Phys. Rev. 73, 654 (1948). 

?C. W. Heaps, Phys. Rev. 27, 764 (1926); McLennan, Allin, 
and Burton, Phil. Mag. 14, 508 (1932); E. Englert and K. 
Schuster, Zeits. f. Physik 79, 194 (1932). 


fundamental TEM mode and thus the predominant 
current direction was transverse to the magnetic field. 

The experimental procedure consisted in adjusting 
the probe carefully to a point of minimum or maximum 
power in the slotted section, observing the deflection of 
the galvanometer, then throwing on the magnetic field 
and observing the change of galvanometer deflection. 
These observations sufficed for a calculation of the 
fractional change of electrical resistance produced in the 
bismuth by the magnetic field. This fractional change 
was found to decrease in a regular way with the mag- 
netic field. 

The wave-length, measured with a TFS-5. coaxial 
wave meter, was 9.2 cm. 


Ill, THEORY 


Let P; be the power incident upon the bismuth 
cavity, P, the power absorbed in the cavity, and P, 
the total reflected power. Then P,=P;—P,. Some of 
the power is reflected at the cavity window. This 
reflection will not be affected by the magnetic field. 
When the field is applied the absorbed power will be 
increased dP, if the resistance of the bismuth is in- 
creased, so that the reflected energy will be changed by 
dP,. The incident power is unchanged and thus © 


dP,=—dP,. 


The power loss in a metal cavity* is proportional to 
p/5, where p is the resistivity of the wall material, and 
the skin depth 6=[p/(xfu) ]*. Here f=frequency of 
the current, 4.=magnetic permeability of the metal. 
Hence P, is proportional to p? and we get dP,/P, 
=dp/(2p). Substitution of the equivalent values of 
dP, and P, gives 


dp/p= —2dP,/(P:—P,). 


Let A and B be, respectively, the amplitudes of the 
incident and: reflected waves, so that P;=KA?, P, 
= KB’, where K is a constant. We then have 


dp/p= —4BdB/(A?—B?*). 
Let the power at a node of the standing wave be P,, 


3M. I. T. Radar School, Principles of Radar (McGraw-Hill 
Book Company, Inc., New York, 1946), p. 10-57. 
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and at a loop or antinode, P,. Then 


P,=K(A—B), P.=K(A+B)?, 
dP,,/P,=—2dB/(A—B), dP,/P,=2dB/(A+B). 


The probe current at any point in the slotted section 
is proportional to the power at that point, so the 
quantities A,=dP,/P, and A.=dP,/P, are determined 
by observing galvanometer deflections. When A; and 
As are expressed in terms of the amplitudes and added 


together we get 
dp/p=Ai+Az. 


The reflected amplitude B is not greatly different 
from A so that As is much smaller than A,. dB is 
always a negative quantity so that A; is positive and 
A» negative. 


IV. RESULTS 


Table I gives representative results, including the 
largest and smallest values obtained. 

The machined surface for the set of data beginning 
December 3 was several weeks old. Each of the re- 
maining sets for different surfaces began within about 
an hour after the surface was prepared. 

The values of dp/p from Table I are distributed over 
a considerable range. It is probable that lack of stabil- 
ization of the oscillator is responsible for some of this 
fluctuation. However, it seems to be possible to draw 
certain general conclusions. First, the magnetoresistance 
observed at this frequency is smaller than that found 
with steady, direct currents. A small bar of this poly- 
crystalline bismuth when tested in this same transverse 
field was found to have a direct current value of 
dp/p=0.25. Second, the character of the surface 
appears to have a significant effect on the magnitude of 
dp/p. A freshly machined surface gave the largest 
value, a surface freshly etched with nitric acid and 
then carefully washed, the smallest. 

It is to be expected that roughness of the surface* 
would affect the magnitude of dp/p because the direc- 
tion of current flow would be altered by scratches or 
projections on the surface. The average direction of the 
current with respect to the magnetic field would thus 
be altered and so the magnitude of the magneto- 
resistance would be changed. _ 

Another important factor would be the chemical 
purity of the surface. If a film of oxide or other bismuth 
compound formed on the surface and a substantial 


‘It is interesting to note in this connection that A. B. Pippard, 
Proc. Roy. Soc. A191, 385 (1947), has found the skin resistivity 
of a drawn copper wire to be nearly equal to that of the bulk 
material. Poli: ing the wire resulted in deterioration of the surface 
and an increase of skin resistivity. 


TABLE I. Fractional resistance change of bismuth under different 
conditions for a magnetic field of 6900 oersteds. 











Date Surface Ai Ae dp/p 
Dec. 3 Machined 0.084 —0.013 0.071 
Dec. 5 Machined 0.088 —0.013 0.075 
Dec. 6 Machined 0.093 —0.028 0.065 
Dec. 6 Etched 0.036 —0.018 0.018 
Dec. 6 Etched 0.057 —0.011 0.046 
Dec. 8 Machined 0.13 —0.006 0.12 
Dec. 9 Machined 0.11 —0,000 0.11 
Dec. 27 Machined 0.038 —0.013 0.025 
Dec. 28 Machined 0.064 —0,018 0.046 
Dec. 28 Polished 0.067 —0.000 0.067 








fraction of the current flowed in this film the magneto- 
resistance would not be characteristic of pure bismuth. 

In case the skin depth approaches a magnitude 
comparable to the mean free path of the conduction 
electrons an effect on magnetoresistance may be ex- 
pected. Statistical theories’ explain magnetoresistance 
as being due to the fact that the conducting electrons 
possess different values of L/v, where L is the free path 
and »v the velocity of agitation. When the skin thickness 
is less than the mean free path those electrons moving 
normal to the surface make a smaller contribution to 
the current during a free path than those moving 
parallel to the surface. Their effective mean free path 
is changed. Hence the fluctuation of Z/v among the 
electrons is different when the skin effect is important, 
so the magnetoresistance is different. 

The skin depth in bismuth for the frequency used in 
these experiments is about 1X10~* cm. It has been 
suggested that the mean free path of electrons: in 
bismuth is abnormally large. Eucken and Forster® 
have deduced from experiments on very fine wires of 
bismuth a value L=1.08X10- cm at 273°K. If this 
estimate is accepted the skin depth and the mean free 
path are of the same order of magnitude and it is 
therefore not surprising that the magnetoresistance is 
considerably smaller than for direct currents. 

Mott and Jones’ have stated that it is not necessary 
to assume an abnormally large mean free path for 
bismuth. They believe that the experiments of Eucken 
and Forster should have some other explanation. 

The results of this experiment, if we assume the high 
frequency resistance of a freshly machined bismuth 
surface to behave like that of bulk material, seem to 
favor the idea of an abnormally long free path for 
electrons in bismuth. 


5 A. Sommerfeld and N. H. Frank, Rev. Mod. Phys. 3, 1 (1931). 

6 A. Eucken and F. Férster, Géttingen Nachrichten 1, 43 (1934). 

™N. F. Mott and H. Jones, Properties of Metals and Alloys 
(Oxford University Press, London, 1936), p. 303. 
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Magnetic Moments and Eddy Currents in Spheres of Superconducting Tin* 


James J. Fritz, Oscar D. GONZALEZ, AND Herrick L. JOHNSTON 
Cryogenic Laboratory and Department of Chemistry, Ohio State University, Columbus, Ohio 


(Received July 7, 1950) 


Experiments have been carried out to measure the “frozen in” 
magnetic moments produced in superconducting spheres of tin, 
through demagnetization from fields sufficient to completely or 
partially destroy their superconductivity, Moments were deter- 
mined by measuring periods of a torsion pendulum made from 
the spheres. Both solid tin spheres and spheres filled with non- 
superconducting material were examined. 

Small permanent moments, fixed in magnitude and direction, 
and probably associated with traces of impurity, were observed 
for the solid spheres while considerably larger fixed moments 
were observed for the hollow spheres. The observed permanent 
moments, which amounted to one to three percent of the induced 
moments calculated for the critical field depended to a slight 
extent on the magnitude of the fields used to produce them and 
were also dependent on the size and geometry of the spheres and 
on the temperature. 

Entry of the spheres into the intermediate state was evidenced 
by a sudden gain in the total magnetic moment when the meas- 
uring field attained a value which was close to 2/3 of the critical 


field, H.. This gain was best observed by measurements of this 
coefficient for eddy current damping. We interpret this effect as 
due to the formation of regions of normal metal in the inter- 
mediate state. We also interpret the permanent moments, which 
can only be changed by bringing the specimens into fields in 
excess of 2/3 H., as due to isolated regions of normal metal. The 
amounts of normal metal, in either the superconducting or the 
intermediate regions, can be evaluated either from measurements 
of magnetic moment or from measurements of coefficients of 
eddy current damping. Results obtained by the two methods are 
in agreement. 

The results can be explained in terms of Landau’s theory of 
the intermediate state that postulates the presence of threads or 
plates of normal metal. Our results indicate that these regions of 
normal metal must have diameters or thicknesses -which are 
quite small compared to their lengths and that the magnetic 
moments which they represent can be trapped in a particular 
direction for a considerable length of time. 





I. INTRODUCTION 


HIS investigation was undertaken to determine 
the nature and magnitude of .the magnetic 
moments that can be induced in spherical specimens of 
superconductive material upon transition from their 
normal to their superconductive state. In most bodies 
there are obvious geometrical constraints to hinder the 
free movement of magnetic moments (or persistent 
currents) about the surface of a specimen, but in case 
of a sphere it is possible that the moment might move 
without hindrance. Tuyn! investigated the rotation of 
the magnetic moment of a lead sphere within a magnetic 
field produced by a persistent current in a ring sur- 
rounding the sphere and found that the moment 
remained fixed with respect to the sphere. Since the 
magnitude and nature of the magnetic field was not 
known for his experiments, uncertainties were intro- 
duced as to the state of the spherical specimens. A 
variation of the Tuyn method was used by Daunt and 
Desirant in preliminary work in this Laboratory, but 
their experiments were not carried far enough to give 
quantitative results. 

The present investigation is an extension of the work 
begun by Daunt and Desirant, with considerable 
modification of their apparatus and method, and is 
concerned with the magnitude and nature of the 
magnetic moments induced in specimens of supercon- 
ducting material on transition from the normal to the 
superconducting state. In particular, it was of interest 
to know whether the magnetic moment, once induced, 


* This work was supported, in part, by a sub-contract with the 
Curtiss-Wright Corporation as part of a contract with the Army 
Air Force. 

1Tuyn, Comm. Phys. Lab. Univ. Leyden No. 198 (1929). 


was constrained to stay in its original position with 
respect to the specimen. The results of our investigation 
have already been reported briefly.? Experiments very 
similar to our own were reported at the same time by 
Condon and Maxwell.’ 


II. APPARATUS AN D EXPERIMENTAL PROCEDURE 


Five specimens of pure (melting poiht) tin and one 
specimen containing 0.2 percent copper were investi- 
gated. Two of the samples were solid, and four contained 
spherical cores of material that would not become 
superconducting under the experimental conditions. 
Table I presents the dimensions of the specimens. 

A diagram of the apparatus is shown in Fig. 1. The 
tin sphere (H) was fastened by cellulose tape to a 
cylindrical Lucite mounting (G), which was secured to 
the rigid part of the suspension system by a small set 
screw (F): The rigid portion of the system consisted of 
three parts: a 20-cm length of 1.5-mm Bakelite rod (C2), 
a 57-cm length of thin-walled nickel-silver tube (£), 
and a 9-cm ‘length of 1.5-mm brass rod (C;). The rod 
(C:) carried a mirror (D) and was connected through a 
clamp (K) to the torsion head (A). The wire (B) was 
approximately 4.5 cm long and usually was of 0.15-mm 
stainless steel. The entire apparatus was located inside 
a liquid helium dewar vessel (NV), which in turn was 
contained in a dewar vessel (not shown) filled with 
liquid nitrogen to protect the inner dewar from room 
temperature radiation. The material under investigation 
was viewed through parallel unsilvered slits in the 
dewar flasks. 

Magnetic fields were provided by multilayer Helm- 


2 Fritz, Gonzalez, and Johnston, Phys. Rev. 76, 580-581 (1949). 


§ Condon and Maxwell, Phys. Rev. 76, 578 (1949). 
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holtz coils, shown schematically at M. The suspension 
system was rotated by means of the torsion head (A), 
and its motion observed with a lamp and scale located 
110 cm from the mirror (D). A window, not shown in 
the diagram, permitted passage of light through the 
head (J). ; 

A “frozen in” magnetic moment was induced in the 
specimen, at temperatures below 3.7°K, by applying 
an appropriate magnetic field for about 60 seconds. 
Oscillations of the system were then set up, and their 
period was observed in various magnetic fields. Mag- 
netic moments were calculated from these data by the 
relationship, valid for small oscillations, ' 


1/72= (n+MH)/42°I, (1) 


where m is the torsion constant of the suspension, M 
the magnetic moment, H the magnetic field, and r the 
period. The constant was evaluated from the intercept 
of the straight line obtained when (1/7) was plotted 
against H, for fields below 3H,. For these fields, M is 
constant. 

Equation (1) neglects damping. The observed damp- 
ing of the oscillations during our experiments had, in 
all cases, a negligible effect upon the period. Its magni- 
tude could be expressed in terms of a damping coeffi- 
cient 5 as 

d=dye*#/21, (2) 


where do and d are the initial and final amplitudes of 
oscillation, J the moment of inertia of the system, and 


. t the elapsed time. 


Separate damping experiments were carried out. 


Ill. “FROZEN IN” MAGNETIC MOMENT 


The observed “frozen in” magnetic moments de- 
pended upon the size of the fields used to produce them, 
upon the size and geometry of the spheres, and upon 
the temperature. They were generally independent of 
the field used to measure them, unless the measuring 
field exceeded that required to cause entry of the 
specimen into the intermediate state, as discussed later 
in this paper. 

The fact that the moments were independent of small 
measuring fields showed that the effect could not be 
due to the sort of shielding currents described by 
Condon and Maxwell.* For such currents the observed 
torque should vary as the square of H and the apparent 
magnetic moment should be proportional to H, whereas, 
in our experiments, the torque was proportional to H. 
For very small effects, such as those reported by 
Condon and Maxwell, the difference between the two 
cases is slight enough to cause uncertainty, but in our 
experiments the total moments were large enough to 
have shown clearly the linear dependence on H, had it 
existed. 

Specimens cooled from above the transition tempera- 
ture in zero field showed no magnetic moment; subse- 
quent application and removal of magnetic fields of less 
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TaBLE I. Dimensions of tin spheres used in investigation. 











Outside Inside Weight pwd 
Designation diameter diameter Nature oO! of 
of of tin of tin of tin inertia 
specimen cm cm core gm gm-cm? 
Solid « 
sphere I* 1.99 +0.01 _— _ 30.0 1 1.92 
Solid 4 
sphere II 2.795+0.003 — _ 83.3 65.0 
Hollow 
sphere I 2.30 +0.02 1.60 Aluminum 31.9 22.3 
Hollow 
sphere IT 2.895+0.005 1.59 Aluminum 75.1 73.1 
Hollow 
sphere III 2.926+0.003 1.19 Glassandair 87.8 79.7 
Hollow 
sphereIV 2.162+0.003 1.19 Glassandair 31.0 16.5 








® Solid sphere I was machined from the ingot as received. The other 
specimens were first vacuum cast and then machined to size. 
> Hollow sphere II contained 0.2 percent copper. 


than two-thirds of the critical field likewise did not 
induce such an effect. However, “frozen in” magnetic 
moments always appeared when the field exceeded 3H,. 
In general, the “frozen in” moment produced when the 
field was just over 3H, was not much below the maxi- 
mum moment reached at critical field, although there 
was a small increase up to H,. Fields above H, produced 
no additional moment. The ratios of minimum to 
maximum moment observed at a given temperature 
were 0.95 for solid sphere II, 0.70 for hollow sphere II, 
and 0.75 for hollow sphere III. 

Table II shows the influence of temperature on the 
“frozen in” moments produced in hollow sphere IV, 
upon applying and removing fields greater than H,. 
The accuracy of the determinations is estimated to be 
two to five percent. 

The dependence on size and geometry of the sphere 
is shown in Table III, where for simplicity only the 
value at the lowest temperature for each specimen is 
presented. 

The “frozen in” moments for solid spheres I and II 
correspond to one and three percent, respectively, of 
the induced moments present at the critical field* and 
are of the same order of magnitude as those previously 
determined for tin and lead by other methods.5 The 
moments observed with hollow spheres were propor- 
tionately larger, due apparently to failure of the hollow 
spheres to be completely superconductive. This failure 
was observed experimentally by Shalnikov® and ana- 
lyzed theoretically by Koch.’ 

The “frozen in” moments observed did not change 
with time nor were they altered by cooling the specimen, 
provided the field was not raised by a sufficient amount 
to put the specimen again into the intermediate state. 


4de Haas and Engelkes, Comm. Phys. Lab. Univ. Leyden 
No. 247d (1937). 

5 Nakhutin, J. Phys. (USSR) 6, 114 (1942). Shoenberg, Proc. 
Roy. Soc. A155, 712 (1936). Mendelssohn, Daunt, and Pontius, 
VII Congres du Froid (1936). 

6 Shalnikov, J. Phys. (USSR) 6, 53 (1942). 

7 Koch, Zeits. f. Physik 121, 488-494 (1943). 
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TABLE II. Maximum “frozen in’ magnetic moments observed 


TaBLE III. Dependence of maximum “frozen in” magnetic 














with hollow sphere IV. moment on the size and geometry of the spheres. 
Temperature Magnetic moment Temperature Magnetic moment Temperature Magnetic moment Volume of tin 
°K ergs-gauss™! °K ergs-gauss~! Designation °K ergs-gauss™! cm 

1.15 1 64 2.62 3.31 Solid sphere I 1.37 1.00 4.12 
1.41 6.0 2.95 2.82 Solid mF II 1.15 9.9 11.42 
1.70 5.6 3.16 2.28 Hollow sphere I 1.23 4.9 4.38 
1.98 5.0 3.39 1.70 Hollow sphere II* 1.27 89.2 10.30 
2.38 3.6 3.56 1.40 Hollow sphere III 1.15 15.7 12.05 

Hollow sphere IV 1,15 6.4 4.26 








IV. INTERMEDIATE STATE 


Entry into the intermediate state was evidenced by 
a sudden gain of magnetic moment as the magnetic field 
was increased above a definite value for eachstempera- 
ture. This is illustrated in Fig. 2, for hollow sphere II, 
whose “frozen in” moment of 75.5 erg-gauss was ob- 
tained initially by quickly dropping the field from 254 
gauss. This gain in moment can be ascribed to the 
beginning of penetration of the bulk of the specimen 
by the external magnetic field. The field at which this 
penetration occurred depended mainly on temperature 
and was increased slightly by the presence of magnetic 
moment on the specimen, due apparently to a shielding 
action of the moment. 

Table IV gives the magnetic field, as a fenation of 
temperature, at which penetration occurred for hollow 
sphere IV ; the measured values have been extrapolated 
where necessary to zero magnetic moment. These values 
are in approximate agreement with those (two-thirds 
of the critical field) predictable from the critical field 
measurements of de Haas and Engelkes,‘ except at the 
highest temperature. Measurements on the other speci- 
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Fic. 1. Apparatus for measurement of magnetic moments 
and damping. 
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* Hollow sphere II shows the effect of inoutity. This sphere contained 
less tin than hollow sphere III, but showed a much higher moment, appar- 
ently due to the small percentage of copper present. 


mens agreed within 1 or 2 gauss with those reported in 
Table IV. This is illustrated in Fig. 3. 

Increasing the magnetic field beyond the level re- 
quired for entry into the intermediate state caused a 
continued rapid increase in the magnetic moment, as 
evidenced in Fig. 2, and in the damping, up to fields at 
which the latter became too strong for observation of 
the period of oscillation. Table V gives typical results 
for two specimens. 

The increase of observed magnetic moment would 
seem to be in contradiction with the generally accepted 
belief that the intermediate state corresponds to the 
growth of normal areas in the body, since the induction 
in an ordinary diamagnetic material should be free to 
follow the direction of the external magnetic field. 
However, our results can be explained readily if one 
accepts a model of the type of penetration similar to 
that proposed by Landau® and others, the gross features 
of which have been demonstrated experimentally by 
Meshkovskii.? In a model of this type the normal 
regions are viewed as fine threads, or thin plates, 
imbedded in the superconducting material. As the field 
is increased, these regions grow in size and number until 
the body becomes entirely normal. At the instant when 
normal regions are set up, the direction of induction 
within them will correspond to that of the applied 
magnetic field. If the body is then rotated the lines of 
force at the surface can follow the direction of the 
applied field without hindrance, but those within the 
threads or plates can realign themselves only by an 
actual rotation of the threads as a whole. If the time 
allowed for this process is too short, or if the forces 
hindering redistribution of the regions are too great, 
the induced moment within will be “trapped” in its 
original direction. The same reasoning can be applied 
to the reverse transition and also to the transition from 
intermediate to normal condition. 

The conditions brought out in the previous paragraph 
appear to be fulfilled in the spheres investigated, where- 
in the period of oscillation was generally less than two 
seconds. The marked increase of magnetic moment 
upon entry into the intermediate state was matched by 
a corresponding hysteresis in the reverse transition to 


®L. Landau, J. Phys. (USSR) 7, 99 (1943). 
® Meshkovskii, J. Exp. Theor. Phys. (USSR) 19, 54 (1949). 
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the superconducting state, and relaxation effects were 
noted in both transitions. Table VI shows the hysteresis 
observed for two cycles of magnetization from zero into 
the intermediate state and back; the measurements 
were made in the order presented. Results obtained 
with solid sphere II are plotted in Fig. 4, which is 
similar to curves obtained by other workers for the 


_ Magnetic induction in the transition to the normal 


state.! 

The magnetic moments given in Table VI are the 
constant values attained when equilibrium has been 
established a few minutes after a given change in field. 
The time required to reach equilibrium for hollow 
sphere III varied from about three minutes after the 
change from 151.5 to 154.5 gauss to 10 or 12 minutes 
after reverse transitions from 61 to 46 gauss and from 
46 to 25.5 gauss. In a few cases, slow changes were 
observed even after 10 minutes, and the final value 
had to be determined by extrapolation. These time 
effects are quite similar to those reported by de Haas 
and Engelkes,* by Guinau," and by Mendelssohn and 
Pontius.” 

The persistence of “excess” magnetic moment in the 
reverse transition and the existence of long relaxation 
times make it likely that induced moment can be 
“trapped” in a particular direction, as suggested above. 
The possibility that the effect might be due to some 
abnormality, such as a ferromagnetic impurity, in the 
normal material was eliminated when measurements 


_ made at 4.2°K, where the specimens were entirely 


normal, showed no magnetic moment. 
V. DAMPING MEASUREMENTS 


There were two major sources of damping in the 
oscillating system: 


(1) Small, ordinary fluid damping due to viscous drag of the 
surrounding gas or liquid. 





MAGNETIC FIELD-geuss 


’ Fic. 2. Observed magnetic moment vs. applied magnetic field. 


1 Burton e al., Phenomena at the Temperatures of Liquid 
or (Reinhold Publishing Corporation, New York, 1940), 
p. : 

de Haas, Engelkes, and Guinau, Comm. Phys. Lab. Univ. 
Leyden No. 247e (1937). 

” Mendelssohn and Pontius, Physica 3, 327 (1936). 
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TABLE IV. Magnetic field at entry into intermediate state for 











hollow sphere IV. 
Temperature Magnetic field Temperature Magnetic field 
= gauss °K gauss 
1.15 192 2.63 102 
1.41 185 2.94 74 
1.70 166 3.14 57 
1.98 148 3.39 34.5 
2.39 117 3.56 18 








TABLE V. Magnetic moment in the intermediate state. 











Magnetic Magnetic 
Temperature field moment 
Specimen °K gauss ergs-gauss™! 
Solid sphere I 1.37 0 to 190 1.0 
193 4.7 
194 7.7 
246 21.9 
Hollow sphere IIT 2.20 0 to 130 8.35 
131 8.49 
136.5 18.1 
141.5 37.1 
Hollow sphere IIT 1.90 0 to 150 11.9 
151.5 11.9 
154.5 13.6 
159.7 29.9 








(2) Eddy current damping due to the presence of non-super- 
conducting metal in the suspension or in the tin spheres. 


The fluid damping was independent of magnetic field 
and could be evaluated separately by setting it equal to 
the total damping in zero field, when eddy current 
damping was absent. 

Eddy current damping, on the other hand, depended 
on the magnetic field. It increased slowly with the field 
‘at low fields until the tin sphere was in the intermediate 
state, and then rose sharply with further increase in the 
field. The damping was so great for tin in the normal 
state that it could only be measured for small fields. 
This effect was checked many times in measurements 
at 4.2°K, which is above the tin transition point. 
Eddy current damping was evaluated by subtracting 
fluid damping from the total damping. 

Extraneous influence of the suspension system on 
eddy current damping was minimized by fabricating 
the suspension from non-magnetic materials, except for 
the thin nickel-silver tube that constituted the upper 
portion of the suspension. This tube was well outside 
of the Helmholtz magnet. The fact that the total 
damping proved to be independent of the field in all 
runs for which the tin spheres possessed no magnetic 
moment constituted good evidence that we were 
successful in eliminating the influence of the suspension 
system on eddy current damping, to within the limits 
of our experimental error. There was no eddy current 
damping when the magnetic moments of the tin spheres 
were zero, even with fields present, but eddy current 
damping was always present when the spheres possessed 
a magnetic moment. 

Eddy current damping in the normal and inter- 
mediate states can be understood readily in terms of 
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TABLE VI. Hysteresis in transition from intermediate to 
superconducting state. 








Solid sphere II Hollow sphere III 
2.64°K 1.89°K 


Magnetic field Magnetic moment Magnetic field Magnetic moment 





gauss ergs-gauss~! gauss ergs-gauss~! 
0 to 100 0 0 to 140 11.9 
102.0 1.6 151.5 12.0 
109.0 73.0 154.5 13.6 
107.0 63.5 160.0 29.4 
103.5 29.0 166.0 90 
101.5 20.6 157.0 80 
96.0 12.7 147.0 72 
89.0 8.4 137.0 74 
75.0 4.9 127.0 66 
45.0 3.9 100.0 58 
20.0 3.8 80.5 54 
0 3.6 61.0 44 
101 3.6 46.0 29 
0 3.6 25.5 19 
11.0 16 
0 12 
102 12 








ordinary phenomena, since normal metal must be 
present under these conditions. The damping which 
occurred for supposedly superconducting specimens 
must also arise from the presence of normal regions, 
and is probably due to the presence of a magnetic 
moment. Examination of the measurements provides 
some information as to the mechanism of their pro- 
duction. At a given temperature, eddy current damping 
increased with increasing magnetic moment, whereas, 
at constant magnetic moment, it decreased with de- 
creasing temperature. Finally, damping was about 
proportional to the ratio (M@/H.) at constant temper- 
ature and constant field. 
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Fic. 3. Magnetic field at entry into intermediate state for 
spheres of tin. 


The experimental results suggest that both the ob- 
served magnetic moments and the damping effects are 
a measure of the amount of normal metal in the super- 
conductor. If this is true, a quantitative correlation of 
the two effects should be possible. The damping coeffi- 
cient due to eddy currents should vary as H*, where H 
is applied field, when a body of normal metal rotates in 
a fixed magnetic field; this expectation was realized, 
approximately, in the measurements of damping at 
4.2°K. In addition, if the effect of changes in geometry 
is not serious, the amount of damping should be 
proportional to the amount of normal material present. 
In terms of these hypotheses, the size of the normal 
portion would be proportional to the ratio M/H.,, 
where M is the magnetic moment and H, the critical 
field for the destruction of superconductivity; it is 
immaterial whether the normal metal persists in bulk 
or is disposed into very fine structure in an intermediate 
state. The damping coefficient should thus be repre- 
sented by 


(6—bo)=kH’M/H., (3) 


where 0 is the observed total damping coefficient, bo the 
contribution due to fluid damping,-and & a constant 
involving the geometry of the arrangement. This 
equation should hold for both the “superconducting” 
and intermediate conditions, provided the relative 
distribution of the regions of normal metal does not 
change greatly, and should be independent of the 
temperature. 

Table VII gives the results observed for several 
specimens. As the last column indicates, except for 
three or four entries the data are in reasonably good 
agreement with Eq. (3). 














Fic. 4. Hysteresis 
in the transition to 
and from the inter- 
mediate state for 
spheres of tin. 
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The results for solid sphere II at 1.80° and 1.15°K 
and those for hollow sphere III at 2.2°K gives values 
for k which are constant at each temperature to within 
the probable limits of error. The 2.63° values show 
considerable scattering in the neighborhood of 100- 
gauss fields, which may be due to improper time 
correlation of the eddy currents with the magnetic 
moments since the two were measured at separate 
times. Although the correlation supports Eq. (3) in 
general, the decrease of k with decrease in temperature 
is contrary to prediction and indicates that the actual 
phenomena are more complex than assumed. The 
temperature dependence may be due to some change in 
the distribution of normal metal with temperature, 
which would change the geometry even though the 
total volume of normal region remained constant. 

It is evident that the production of magnetic moment 
is the primary phenomenon at fields insufficient to 
produce the intermediate state throughout the body of 
the superconductor. When moment is induced, there 
must be produced at the same time normal, or inter- 
mediate, regions in the superconductor which can cause 
eddy current damping. Small applied fields must not 
appreciably alter the distribution of such regions, since 
for an alteration of this type the observed magnetic 
moment would vary with the measuring field, just as 
in the intermediate state. However, our experimental 
magnetic moments generally remained constant to 
within the estimated limits of error. 


VI. CONCLUSIONS 


Demagnetization of a superconducting material from 
fields sufficient to completely or partially destroy its 
superconductivity produces a “frozen in” magnetic 
moment fixed in magnitude and direction with respect 
to the body. This moment can be changed in size and 
in direction only by the application of fields sufficient 
to destroy its superconductivity. 

The magnitude and character of the moments ob- 
served are such that they cannot be due to the “shield- 
ing currents” which have been suggested to explain the 
distortion of magnetic fields by superconductors. In 
all probability these currents are free to follow the 
total field resulting from the magnetic moment and 
the applied field. However, the experiments present no 
additional evidence as to whether such currents are 
macroscopic or, as in paramagnetic materials, molecular 
in nature. 

As would be expected, the specimens bearing mag- 
netic moment (either fixed or induced) contain regions 
of material in the intermediate state which can be 
measured by the damping they produce on the oscilla- 
tions of the specimen in a steady magnetic field. The 
damping observed with several specimens indicated 
that the amount of normal metal, regardless of its 
distribution, is proportional to the size of the magnetic 
moment and to the threshold field. 
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TABLE VII. Eddy-current damping in spherical superconductors. 











Obs. Coef. 
mag. of 
Applied mo- eddy 
rit. mag. ment cur. k 
field* field M_ damping He(b —bo)/ 
Temp. He H ergs- (b—bo) MH? 
Specimen °K gauss gauss gauss erg-sec. H? sec. 
Solid 
sphereII 2.63 167 1004 10 74 10,080 0.12 
61.6 3.6 0.17 3,800 0.0021 
86.2 36 0.52 7,430 0.0032 
100.9 3.6 0.82 10,180 0.0037 
105.5 14.0 21.4 11,130 0.023¢ 
Solid 
sphereII 1.80 228 426 3.7 0.05 1,815 0.0020 
71.7. 3.7. O18 5,140 0.0020 
100.4 3.7 0.23 10,080 0.0014 
130.8 3.7 0.35 17,100 0.0013 
140.9 3.7 0.39 19,850 0.0012 
162.2 3.7 0.58 26,310 0.0014 
48.7 75 0.11 2,372 0.0014 
125.7 7.5 0.92 15,800 0.0018 
Solid 
sphereII 1.15 272 1014 99 0.18 10,280 0.0005 
147 99 0.49 21,600 0.0006 
189 9.9 0.89 35,720 0.00066 
Hollow 
sphere III 2.21 190 71 78 247 5,040 0.012 
111.55 78 74 12,430 0.014 
134.4 16.6 22.0 18.060 0.014¢ 
2.20 190 50.7 84 0.05 2,570 0.001 
101.4 84 1.30 10,280 0.003 
1216 84 98 14,970 0.015 
1313 84 13.1 17,240 0.017 
136.4 18.1 283 18,605 0.016¢ 
141.5 37 48.3 20,020 0.012¢ 
147 50® 64.2 21,610 0.011¢ 








® See reference 6. 
b Estimated. f : 
¢ Points for the intermediate region. 


The production of “frozen in” moment with solid 
spherical specimens was probably due to imperfections 
or impurities and was comparatively small. The chief 
factor in producing moment with hollow spheres was 
apparently the geometry of the specimens. In the latter 
cases, the specimens would remain partially in the 
intermediate state after demagnetization regardless of 
the perfection of the sample. 

Magnetic fields sufficient to put the mass of the body 
into the intermediate state produced marked increases 
in the fixed magnetic moment as observed with the 
torsion pendulum. This result indicated that magnetic 
induction could be “trapped” in a particular direction 
for considerable periods of time and afforded additional 
confirmation of the view that regions of normal metal 
in the intermediate state have diameters quite small in 
comparison with their lengths. 

Hysteresis and relaxation effects in the transition 
from the superconducting to the intermediate state 
have been examined in detail. 

We wish to thank Mr. L. E. Davis and Mr. D. E. 
Williams for assistance in the measurements, and Mr. 
R. E. Probst for aid in the entire program. 
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Production of a xt Meson Beam Using the 
Defiected Proton Beam of the 184-Inch 
Synchro-Cyclotron* 


C. RicHMAN, M. SKINNER, J. MERRITT, AND B. Youtz 


Radiation Laboratory and Department of Physics, University of California, 
Berkeley, California 


October 13, 1950 


OME progress has been made toward the production of an 
approximately monochromatic meson beam with the 340- 
Mev protons from the Berkeley 184-inch synchro-cyclotron. 
Owing to the large peak at about 70 Mev in the spectrum of rt 
mesons produced at 0° by protons on protons,! hydrogen is pe- 
culiarly suited for use in a meson production target. Many more 
mesons are produced per mucleon in an 8- or 10-Mev interval from 
hydrogen than from any other material that has been studied.* 
A convenient target, rich in hydrogen and easy to handle, is 
polyethylene (CHz2),. Because of the hydrogen, the production 
from CH, for a thin target is strongly peaked? at about 69 Mev. 
(See curve I, Fig. 1.) A 5-cm thick piece of CHz was used as a 
meson production target. One would expect that such a thick 
target would broaden the peak considerably. This, however, is 
not the case. With a 5-cm CHe target, a 69-Mev meson created 
at the front of the target by a 340-Mev proton loses 15 Mev in the 
target and emerges with 54 Mev, whereas at the back of the target 


the protons have an energy of 323 Mev and produce mesons with * 


a peak energy of 54 Mev. 

The experimental arrangement was designed with a meson scat- 
tering experiment in mind. For this purpose it was desirable to 
use the external proton beam of the 184 inch cyclotron. This 
beam emerges from a 2-inch diameter collimator and has at present 
a maximum intensity of about 6X 10° amp. 
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Fic. 1. The effective differential cross section per Mev per CH: mole- 
cule per incident proton for the production of mesons in the forward direc- 
os b sw protons, Curve I: thin (y4-in.) CHs target. Curve II: 

5-cm 2 target. 
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Fic. 2. Arrangement of the apparatus in the magnetic field. 


Since the mesons come off from the CH: target predominantly 
in the forward direction, they must be separated from the proton 
beam. This is achieved with a magnetic field of 14,300 gauss across 


a gap of 3.4 inches, which gives a 54-Mev meson and a 340-Mev 


proton radii of curvature of 12.4 inches and 80 inches, respectively. 

In order to collimate the meson beam, and also to eliminate all 
particles other than mesons in the desired energy interval, a chan- 
nel for the mesons was cut in the brass shielding (Fig. 2). The 
channel accepts mesons with energies between 48 and 60 Mev. 
A 54Mev meson produced at 0° in the center of the target is 
turned through 85° before emerging from the center of the chan- 
nel. The exit area of the channel is 2 inches wide by 2.5 inches 
high, subtending a solid angle of about 2.2X10 steradian at 
the CH, target. With this arrangement the meson beam collima- 
tion was such that 0,%0:~9°. 

The meson energy spectrum was measured by means of nuclear 
emulsions embedded in absorbers.? Curve II of Fig. 1 shows the 
spectrum of the mesons leaving the 5-cm CHg target in the for- 
ward direction. To obtain this curve, the meson density in the 
emulsions was corrected for (a) the loss of about 9 percent of 
the mesons due to decay in flight and (b) the loss of about 16 
percent of the mesons due to nuclear scattering and absorption 
in the aluminum absorber holding the emulsions, assuming nu- 
clear area for the total nuclear cross section. The errors indicated 
are probable errors due to the statistics. 

The peak of the Spectrum occurs at 53.5 Mev, and the half- 
width of the peak is 5 Mev. Comparison of the thin and thick 
target spectra shows that a thick target does not indeed spread 
the peak. 

Integrating curve II of Fig. 1 over the 12-Mev meson energy 
interval from 48 to 60 Mev, one obtains 4.0 10~*8 cm? per stera- 
dian per CH: molecule per incident proton. This is the effective 
differential cross section for the production of mesons from a 
thick CH, target. The thin target spectrum integrated from 62 to 
74 Mev gives 4.4X10~*8 cm? per steradian. Apparently, the ex- 
citation does not fall off rapidly over the proton energy interval 
from 340 to 323 Mev. 

With a proton beam of 5X10~ amp. there are about 5000 
mesons per second with energies between 48 and 60 Mev issuing 
from the channel. 

It is a pleasure to acknowledge the encouragement we have 
received from Professor R. L. Thornton. We would also like to 
think Mr. J. Vale and the cyclotron crew for making the 
bombardments. 


* This work was performed under the auspices of the AEC. 


t AEC ae gg rm Fellow. 
as 950. V2 ichman, Whitehead, and Wilcox, Phys. Rev. 78, 823 


Ri . 
g Pay Phys. Rev. 79, 407 (1950). 
chman and H. A. bags 9 Phys. Rev. 78, 496 (1950). M. Weiss- 
bluth, BD thesis, University of California (1950) (UCRL-568). 
3 Cartwright, Richman, Whitehead, and Wilcox (to be published). 
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LETTERS TO 


A Geometrical Model for the Unified Theory 
of Physical Fields* 


J. I. Horvat 
Depariment of Theoretical Physics, University of Debrecen, Debrecen, Hungary 
July 20, 1950 


T is possible to give a unified field theory based on the gen- 

eralized geometry introduced by Finsler.! Finsler’s geometry, 

as is well known,’ is a generalization of Riemann’s and can be 

regarded as a manifold of line elements in the space of which the 
metric is defined by 


= L(x‘, z*)dt (1) 


where x‘ represents a point of the n-dimensional space and z‘ 
will be in our case the derivative of x* with respect to the arc length 
of the curve x= xi(t). The space has a general covariant for- 
malism, which also is a direct generalization of Riemann’s. As a 
consequence of (1), the metrical ground tensor, being a symmetric 
covariant tensor of the second order is 


gin=gir(x', £*) = 40%(L*) /aztac* (2) 
and the parallel displacement of a covariant vector &; is defined by 
di: =Ci", Ed +T", fdx* (3) 


where the coefficients of the affine connection C;", and I’;", are de- 
ducible from L(x‘, z*) as follows 


C= 2"Cie;, 
1dgiz_1 d9(L*) _ 
4 aatactac?’ 
Py =g*T iri, 
lipe= =f +e -S + Cina C. ino (4) 
G= ni = 
a(L*)  .0(L?) 
a i attdxr = xt 
l*.=T ie 
The space is characterized by its curvature and torsion. It is 


usual to introduce the totally symmetric covariant tensor of the 
third order 





se Tate Z*. 


A imm=L(x*, &*)-Cinn (5) 
which determines the deviation of Finsler’s space from Riemann’s, 
which arises from the original space by discarding the dependence 
of the giz on the < (this is equivalent to A ;z,=0). The curvature 
and torsion are given by the tensors 
or* fo Or* ;*, G* Nato or*;* or" s*; 8G") 

Oxi aa? ati \ ax®  aa* ahi 
+r* fh T*F;— I**; ° T*,*,, 

a jh OT six 

+L, 


Rinj= 











(6) 








Pijen=T* 7'k° A iar 
Sijnn=A j'e° A ine—A jn A ite. 

We now suppose that, in accordance with Einstein’s original 
idea, the curvature of the space is determined by the distribution 
of the matter localized in the space and the deviation from Rie- 
mann’s geometry; as an example, the torsion of the space origi- 
nates from the electromagnetic, or generally from the meson field. 

To realize this assumption we give the connection between the 
structure of the Finsler space and the electromagnetic (meson) 
field. We characterize the field by its symmetrized stress-energy 
tensory S;z, and from this we deduce the following total sym- 
metric covariant tensor of the third order 


A cen= — 4+ {Sina t Seni tSrije} (7) 


(where Sjxj, is the covariant derivative of Siz) which we shall 
regard as the torsion tensor of Finsler’s geometry. 


" he Aje—L 
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Assumption (7) has also a physical meaning ,and it is easy to 
see that it can be considered as a generalization of the Lorentz 
force. To justify this remark we deduce from (7), by contraction 
of the indices & and h, the following covariant vector 


Aj=Ai*e= gh: A iex= —OS5*/dx*, (8) 


which is just the density of the Lorentz force of the field. 

Mathematically (7) gives in the case of the four-dimensional 
space-time continuum 20 independent partial differential equations 
for the determination of the dependence of L (or giz) on the <*. 

For the determination of the dependence on the x‘ we have also 
Einstein’s original equations 

Rie—4gieR=T ix (9) 
but now Rj and R are deduced from (6) by the well-known 
method. 7T;% is as usual the energy-momentum tensor of the 
matter. Equation (9) gives also the further 10 partial differential 
equations for the determination of the dependence of the giz 
on the x‘. 

Finally, we must pay attention to the fact that the proposed 
connection between the field theories and the geometrical basis 
is not only a formal one. We have mentioned that Finsler’s space 
can be regarded as a manifold of line elements defined along curves 
of the space. If we regard such a curve as the world-line of a 
particle (electron, nucleon, etc.) by which the field is originated, 
the line elements have also a direct physical meaning since the 
unit vector 

li=gt/L (10) 
deduced from z‘, can be regarded as the velocity of the particle 
along the world-line. It is well known that the field of such a mov- 
ing particle has a strong inhomogeneity. Now this inhomogeneity 
is faithfully expressed by Finsler’s geometry. In cases in which the 
inhomogeneity would be dissolved (e.g., the static case) every com- 
ponent of A ;z, vanishes, as can be verified by elementary calcula- 
tions, taking account of some of the methods of Finsler’s geometry 
and the usual relations of homogeneous functions. Thus we are 
not led by our method away from the Riemann space. This theory 
is also interesting especially in the non-static case, which will be 

» discussed in detail in the near future. 

* Extract of the author's habilitation lecture. 

1P, Finsler, Kurven und Flachen in allgemeinen Réumen, Diss., 
o> 1918, : : , 

, Les espaces de Finsler, Act. scient. et ind. 79 (Hermann et 


Cie, Paris, 1934); O. Varga, Monat. f. Math. und Phys. Leipzig und Wien 
50, 165 (1941); Comm. Math. Helv. 19, 367 (1947). 





The Diamagnetic Correction for Protons in 
Water and Mineral Oil 
H. A. THOMAS 


National Bureau of Standards, Washington, D.C. 
October 16, 1950 


HE proton nuclear resonance shifts between Hz gas and 
water, mineral oil, and the standard sample used in the 
determination of the proton gyromagnetic ratio! have been meas- 
ured as previously suggested.\? The shifts were measured in a 
large electromagnet having a 44-inch gap with pole faces 24 inches 
across and regulated* by means of nuclear resonance. The spatial 
field variation over a region somewhat larger than that occupied 
by the sample was of the order of 10 p.p.m. and produced a line 
width for the distilled water sample of 0.043 gauss. 

The three samples were contained in identical spherical Pyrex 
glass vessels,‘ 1.4-cm i.d. and 2.0-cm o.d. The hydrogen sample 
was tank hydrogen at a pressure of 40 atmospheres. The distilled 
water sample was free of dissolved oxygen and the oil sample was 
Petrolatum U.S.P.-Light. 

The resonance shifts between samples were measured relative 
to a fixed sample and resonance detector probe by means of cali- 
brated Helmholtz coils. Because it is known that slight unpre- 
dictable changes in field distribution with time might occur, a 
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means was provided for rapidly interchanging and accurately 
positioning the samples in another resonance detector located 
close to the reference resonance probe. 

The tuned r-f coil of the measuring probe was coupled through 
a high impedance to a low noise 24-Mc crystal oscillator also sup- 
plying the reference probe. The r-f voltage across this coil was 
detected by a high vacuum diode and the resulting audio output 
fed into a 30 cycle-sec. lock-in amplifier. The diode method of de- 
tection was used to eliminate the effect of the dispersion com- 
ponent of the signal, so that the true center of resonance could be 
obtained. Even with the He» gas, which gives a weak signal, the 
signal-to-noise ratio was sufficient to obtain a consistency of 
measurement that resulted in an average deviation of 1 part in 
four million over 10 determinations of the Hz gas—H.0O shift. 
This average deviation was somewhat greater than in the deter- 
mination of the other shifts measured. 

It is assumed that the time average of the field seen by a par- 
ticular molecule in the sample is that which would be computed 
if it were in a spherical cavity surrounded by a diamagnetic 
medium of volume susceptibility x. Hence the time average value 
of the lucal field is decreased by the fraction 4rx/3. But, since the 
sample itself is spherical and is located in a medium of zero sus- 
ceptibility, an increase in the field of 4rx/3 is produced which 
causes the net correction to the local field to be zero, at least in 
the first order-of x. 

The actual shifts from He gas for oil and water are respectively : 
4H/H=+1.6X10-*; and AH/H =—0.6X10-*. Combining these 
shifts with the diamagnetic correction for Hz gas calculated? by 
Ramsey, the diamagnetic corrections for mineral oil and water 
are, respectively, 50i1= 28.4 10-°, and 6H,0=26.2X10-°. 

The comparison of the standard sample used in the deter- 
mination of the proton gyromagnetic ratio witii the He gas in- 
dicates that a diamagnetic correction of 28.1X10-® should be 
made on the uncorrected value of y reported! earlier. This makes 
the present corrected value y=(2.67530;+0.00006) X10‘ sec.— 
gauss! and the previously reported! value e/m=(1.75891, 
+0.00005) X 10? e.m.u. gram™. 

The valuable discussions and interest of R. D. Huntoon, 
U. Fano, E. M. Purcell, H. Sommer, and R. Driscoll are grate- 
fully acknowledged; and in particular I wish to thank H. Sommer 
for his assistance in making some of the measurements. 

1 Thomas, Driscoll, and Hipple, Phys. Rev. 78, 787 (1950). 


2N. F. Ramsey, Phys. Rev. 78, 699 (1950). 
3H. A. Thomas, Phys. Rev. 78, 339 (1950). 





Spectrum of the Boron Monosulfide (BS) 
Molecule 


P. B. ZEEMAN* 
Merensky Institute for Physics, University of Stellenbosch, South Africa 
October 16, 1950 


HE spectrum of the boron monoxide (BO) molecule has 
been analyzed by Mulliken! and Jenkins and McKellar,? 
but the analogous spectrum of boron. monosulfide has not yet 
been described. Recently, however, the writer has observed three 
extensive band systems in an electric discharge through boron 
trisulfide and has attributed these bands to the BS molecule. 
The apparatus consisted of a vacuum system of Pyrex glass, 
and a quartz discharge tube of the end-on type. Through this tube 
helium or argon was circulated at low pressure by means of a 
mercury diffusion pump. A quartz tube, having a glass stopper at 
one end, contained amorphous boron in a silica boat, and pro- 
jected horizontally from the one end of the capillary of the dis- 
charge tube. A reservoir containing vacuum distilled sulfur pro- 
truded vertically downwards from the center of this tube. By 
means of a cylindrical electrical heater, the amorphous boron 
could be heated to the desired temperature, while the amount of 
sulfur vapor entering the system could be controlled separately. 
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The sulfur vapor was carried over the heated boron by the cir- 
culating helium or argon gas. 

At about 700°C, boron trisulfide (B2S3) was formed, and this 
substance was carried into the capillary of the discharge tube. 
When this reaction started, the brilliant Sz spectrum, excited in 
the capillary at the early stages of the heating process, disappeared 
and was superseded by a very intense spectrum resembling a 
“daylight” fluorescent lamp. 

The following three strong band systems were observed in the 
discharge: 

(a) An extensive system of open bands in the visible, red, and 
infra-red regions of the spectrum, degraded to the red. This system 
will be referred to as the a-system of BS. 

-(b) A strong system, consisting mainly of two band groups, 
each with several heads. This system which is degraded to the 
violet, has a very close fine structure. 

(c) A system of double double-headed bands in the ultraviolet 
region, degraded to the red. This system also has a close fine 
structure and will be referred to as the y-system of BS. 

The bands of the a- and y-systems have been arranged in Des- 
landres Tables. The band heads were measured on plates taken 
on a large Hilger spectrograph and in the first order of a 21-foot 
concave grating in a Paschen mounting. 

The bands of the a-system originate from a *II—* transition, 
and the rotational analysis showed that the Il-state is inverted. 
This is analogous to the a-system: of BO. These band heads are 
given by the following equations: 


15663.0 
lyr Z: Mt 15668, 4) 


+[749.370’ —4.770'?]—[1173.930" —6.370'?], 


15996.7 
lil ment 6002.1) 


+[749.370’—4.770'"]—[1173.930" —6.370"?]. 


The ultraviolet bands originate from a *II-*2 transition, with 
a normal splitting of the II-state. These band heads are given by 
the following equations: 
: _ 38785) 
“Tus: Med ™ 38706 f 
+[884.70’ —6.600'2]— [1173.30 —6.400’?], 
: 38899 \ 
“Hayz-7Z : Yaeed = 38912 
+[884.70’ —6.60v]— [1173.30 —6.400’?]. 


The *IIs;2—* components of the (2,1), (3,0), (4,0), and (5,0) 
bands of the a-system have been analyzed from plates taken in 
the third order of the grating. The following constants were 
obtained : 


B,!’ =0.7949) cm, a,’ =0.0060; cm=. 
B’, ett) =0.6213 , a’. et?) =0.00583 cm™. 


Preliminary analyses of the (0,0) and (0,1) bands of the y-system 
have been made from plates taken in the sixth order of the grat- 
ing. The following tentative values were obtained: 


B,” =0.793 cm, a,’ =0.006 cm™. 
Bo’ =0.702 cm, 


The vibrational and rotational analyses prove that the a- and 
y-systems have the same lower state (?2). 

The bands of the blue-green system have not yet been in- 
terpreted. 

A paper giving further details of these band systems is being 
prepared at present and will be published in the course of time. 

The writer wishes to express his thanks to the South African 
Council for Scientific and Industrial Research for a grant in aid 
of the work done. The writer also wishes to thank Dr. G. Herzberg 
for suggesting the subject of the research. 

* Now at the Spectroscopy Section of the Canadian National Research 
Council, Ottawa, Canada. 


1R, S. Mulliken, Phys. Rev. 25, 259 (1925). 
2F, A. Jenkins and A. McKellar, Phys. Rev. 42, 464 (1932). 
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LETTERS TO 


The Slow Neutron Resonant Scattering of Gold* 


J. Titman, C. SHEER, J. RAINWATER, AND W. W. HAVENS, Jr. 
Pupin Physics Laboratories, Columbia University, New York, New York 
October 5, 1950 


‘A LTHOUGH much information has been accumulated con- 
: cerning slow neutron resonances, relatively little experi- 
mental evidence is available concerning the detailed energy de- 
-pendence of the scattering cross section near a resonance. 

Using the apparatus described previously,! in conjunction with 
the Columbia slow neutron velocity spectrometer,? the 4.87-ev 
Au resonance’? has been investigated with results in excellent 
agreement with theory, and the level parameters have been 
evaluated. 


TABLE I. Level widths and neutron cross sections in gold. 











Iwo : Tr oP2 oP; 
Ji=1 yore +0.002) aig +0.010) 19-605} (13.3 +1.3) 
Ji=2 0.0163 +0.0015) 0.133 +0.010) 17.6 +0.9) (8.0 +1.4) 








If a sample is thick enough to give very small transmission and 
if the ratio of the scattering to total cross sections, (¢./a,), is less 
than about 0.5, in which case the diffusion length is less than the 
sample thickness, then the ratio of the sample counting rate to 
that of a reference thick graphite sample, (V./Nc), is independent 
of sample thickness and depends only on the ratio (¢,/e;). A cali- 
bration curve for (N.z/Nc) vs. (¢./0:) was obtained, for our ge- 
ometry, using thick B,O; and Ni2B standards. The scattering and 
1/v terms for the standards were determined by transmission 


measurements to give (o,/:)B203= (1+10.4E£-4)— and (¢,/o;)NisB 


=(1+3.31E-4)-. 

Using this calibration, the ratio (¢,/o:) was measured for a 
thick gold sample in the vicinity of the resonance, and compared 
with theoretical curves based on the Breit-Wigner one-level 
formulas of the form‘ 


[oe=ocol*(Eo/E)*]/[4(E— Eo)?+T?] (1) 


oe= (Goo p2) +-4aGi {Ri2+ [Ao Two? +4XolwoRi(E— Eo) )/ 
[4(E—Ey)?+I?]} (2) 


Cco= 4eXPGiT vol y/T®. (3) 


Gold has one stable isotope of spin 3, so J:=1 or 2 and G:=} 
or § for the “resonant spin state,” and G2= § or } for the “non- 
resonant spin state.” The first term on the right in Eq. (2) is the 
constant (potential) scattering of the “non-resonant spin state.” 
The second term gives the potential, resonance, and interference 
terms in the scattering for the “resonant spin state.” The symbols 
have their usual significance. 

The value ocoI*= (6382-17) barn-ev? in Eq. (1) was deter- 
mined by a least squares fit to o; (from transmission measure- 
ments) in the thermal energy region. With o,.I" fixed, only 'wo/T, 
(Gro p2), Ri, and J; remain as undetermined parameters. Near 2 
to 3 ev the scattering is nearly zero for the resonant spin state, 
so (¢,/o,) determines (G2op2)= (6.60.33) barns. For a given 
choice of o-.I? and the total potential scattering, almost identical 
curves for (¢,/c,) result for J;=1 and J;=2, when suitable re- 
lated choices are made for (T'yo/T) in the two cases, so further 
evidence is needed to determine J;. When J;1, -o.I*, and Go pe are 
given, (c,/c;) is mainly sensitive to ('yo/I) near resonance, and 
to R, far from resonance on either side. Thus, both of these 
parameters can be evaluated by comparison with experiment to 
give Table I. 
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The values of op2 and other results® indicate strongly that J;=1. 
A detailed report of this work will be published shortly. 


* We express appreciation to the AEC for support of this work. 

1 Tittman, Sheer, Rainwater, and Havens, Phys. Rev. 77, 748 (1950). 

2J. Rainwater and W. W. Havens, Jr., Phys. Rev. 70, 136 (1946); 
Rainwater, Havens, Wu, and Du: . Phys. Rev. 71, 65 (1947). 

3 Energy value by J. Rainwater and W. W. Havens, Jr., unpublished. 

4H. A. Bethe, Rev. Mod. Phys. 9, 69 (1937). 

5 J. Tittman and T. Sheer, unpublished Au resonance transmission data; 
Groendijk, Thesis, Groningen (1949); O. Frisch, Kgl. Danske Videnskab. 
Selskab. Mat.-fys. Medd. 14, No. 12 (1937). 





Screening of Electronic Interactions in a Metal 
Davip BoHuM AND DavID PINEs* 


Palmer Physical Laboratory, Princeton University, Princeton, New Jersey 
October 16, 1950 


N recent publications,+* Landsberg and Wohlfarth have shown 
that the assumption of a screened Coulomb interaction be- 
tween electrons in a metal eliminates certain difficulties arising 
from the treatment of the effects of the exchange energy according 
to the free particle approximation. With the free particle approxi- 
mation, the exchange contribution to the Coulomb interaction 
energy of two electrons of wave vectors k; and kz is W1,2= —2re*/ 
L?|ki—ke|?, where k= p/h and p is the electronic momentum. 
For a given electron, the total energy of interaction with all the 

2. B2 

Wi=z Wig ke—k 


other electrons is 
24 ), 
i-s de" kok 


where kp is the absolute value of the wave vector of an electron 
at the top of the Fermi distribution, and all of the levels are as- 
sumed to be occupied up to ko. Since the E versus k curve for a 
given electron becomes very steep as k approaches ko, at low tem- 
peratures the density-in-energy of electron levels is correspond- 
ingly reduced. Bardeen? has shown that for this reason the specific 
heat of the electron gas should vary as —In7/T, in contrast to 
the linear dependence on T obtained when the exchange energy 
is ignored. Experiments indicate that a linear dependence is. cor- 
rect and therefore that calculations based on perturbation theory 
overestimate the effects of exchange energy. This overestimate is 
found also to lead to incorrect predictions at low temperatures 
for conductivity and diamagnetism, and for the soft x-ray spec- 
trum. In fact, Landsberg proposed the screened Coulomb inter- 
action on a purely empirical basis in order to obtain agreement 
with experiment for the width of the tail of the soft x-ray emission 
spectrum of sodium. 

Simple mathematical analysis makes clear the fact that the 
increased steepness of the E versus k curve originates in the long 
range of the Coulomb interaction, which, as we have seen, leads 
to a very large exchange energy for electrons of nearly equal mo- 
menta. If, ‘with Landsberg, one assumes the Coulomb force to be 
screened, then one will no longer obtain so large a modification of 
the E versus k curve. Wohlfarth showed that a linear dependence 
of the specific heat on temperature is regained, and that agree- 
ment with experiment is obtained with a potential V =(é/r;;) 
Xexp(—ri;/A) when the screening radius ) is chosen to be of the 
order of 10-8 cm, the value introduced by Landsberg. 

We have been led independently to the concept of an effective 
screened Coulomb force as a result of a systematic classical and 
quantum-mechanical investigation of the interaction of charges 
in an electron gas of high density. We have treated this problem 
with the aid of certain canonical transformations, which make 
possible a solution which is much more accurate than the per- 
turbation theory solutions on which previous calculations have 
been based.‘ Our results show that the Hamiltonian for a system 
containing a high density of electrons can be split into two parts 


k+ko 
k—ko 
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in a natural way. The first part corresponds to organized oscilla- 
tions of the medium as a whole. These are the so-called plasma 
oscillations, which resemble sound waves and represent the long- 
range correlations brought about by the Coulomb force. At low 
temperatures, these oscillations are so weakly excited that they 
make a negligible contribution to the specific heat. The remainder 
of the Hamiltonian then reduces to a screened Coulomb inter- 
action, since the long-range part of the interaction has been ef- 
fectively included in the oscillations of the medium as a whole. 
The screening radius is found to be AX00/wp= (hko/m)(m/4arnce)4 
where 2% is the velocity of an electron at the top of the Fermi dis- 
tribution, w)=(4arme*/m)* is the “plasma frequency,” and mo is 
the electron density. For sodium, ko=¥0.9X 108 cm, and A210-* 
cm, in agreement with the screening radius adopted empirically 
by Landsberg and Wohlfarth. 

A more detailed report of this work is being prepared for 
publication. 

* Now at Randal Morgan Laboratory of Physics, University of Penn- 
eyivania, Philadelphia, Pennsylvania. 

1P. T. Landsberg, Proc. Phys. Soc. London A 162, 49 (1949). 
2 E. P. Wohlfarth, Phil. Mag. 41, a. (1950). 


3 J. Bardeen, Phys. Rev. 50, 1098 (19. 36). 
4D. Pines and D. Bohm, Phys. Rev. 79, 232 (1950). 





Neutron Yield from Be*(+,n)Be*® Reaction* 


G. J. Htnet ano F, E, SENFTLet 


Departments of Electrical Engineering and Metallurgy, 
Massachusetts Institute of Technology, Cambridge, Massachusetts 


October 16, 1950 


LTHOUGH the Be*(y,m)Be® reaction is one of the most 
commonly employed neutron sources, only a small amount 
of information is available concerning the obtainable neutron 
flux under various conditions. In the experiments reported here, 
the thickness of the beryllium target necessary to yield the maxi- 
mum slow neutron flux was determined. 
With a 200-gram powdered beryllium target and a Van de 
raaff generator as an x-ray source, Wiedenbeck! compared the 
neutron yield directly with that of a Ra-Be source. He obtained 
a yield equivalent to 10* curies of radium with an electron ac- 
celerator potential of 3.2 Mev and a beam current of 100 vamp. 
The present measurements have also been made with a Van de 
Graaff accelerator, but at a potential of 2.5 Mev and a 100 vamp. 
electron current. The beryllium target consisted of solid square 
pieces of beryllium (9X9 cm) of various thicknesses. These were 
placed about 3 mm from the x-ray exit window. Directly beneath 
the last beryllium block a stack of large thin paraffin plates (35 
cm in diameter) were mounted. Copper and indium foils were 
placed (with and without cadmium covers) at different depths 
between the paraffin plates, and on the axis of the x-ray beam. 
Their induced activity was taken as a measure of the slow neutron 
flux. The highest activity was observed with about 2 cm of paraffin 
between the beryllium target and the detector foil. When the 
beryllium target was also surrounded by paraffin, the slow neu- 
tron flux at points below the target increased only slightly. 
Under the above conditions and with a 4 cm thick beryllium 
target, the slow neutron flux was observed to reach a maximum 
density of about 10’ neutrons/cm?/sec., while at thicknesses of 2 
and 7 cm, the flux is only 85 percent of the maximum value. The 
neutron production increases in proportion to the amount of 
beryllium penetrated by the x-rays. Therefore, the activity of the 
foils decreased as the thickness of the beryllium target was re- 
duced below 4 cm. However, with a beryllium target more than 
4 cm thick, the activity of the foils also decreased because of the 
effect of the inverse square law. With increasing target thickness 
fewer neutrons reach the detector foils beneath it, regardless of 
the fact that the total neutron production increases. A reduction 
of the target dimensions from 9X9 to 5X5 cm reduces the flux 
by a factor of three. As a result of the predominantly forward 


THE EDITOR 


direction of the x-ray beam, an increase in target diameter beyond 
9 cm had little effect on the neutron flux. 

Measurements with a BF; counter placed five feet from the 
beryllium target in a plane perpendicular to the x-ray beam showed 
an increase of the neutron flux with target thickness up to 15 cm. 
At greater thicknesses, a steady value of the neutron flux was 
obtained. Although neutrons from any point of the target have 
about equal probability of reaching the counter, the attenuation 
and divergence of the x-ray beam limits the increase of the total 
neutron emission with increasing amount of target material. 

* This work was supported in part by the AEC. 
net — Research Fellow of the National Cancer Institute, Bethesda, 

nell Associate, Department of Metallurgy, Massachusetts Insti- 


tute of Technology. 
1M. L. Wiedenbeck, Phys. Rev. 69, 235 (1946). 





Half-Life of Cu® 


A. G. W. CAMERON AND L, Katz 
Department of Physics, University of Saskatchewan, 
Saskatoon, Saskatchewan, Canada 
October 9, 1950 


N 1949 Silver! reported precision measurements of the decay 
periods of a number of isotopes using a differential ionization 
chamber with a vibrating reed condenser electrometer and feed- 
back amplifier. The half-life of Cu®* was found to be 4.34--0.03 
minutes. We were unable to reconcile this value with an activity 
obtained in copper which had been exposed to photo-neutrons, 
and we have therefore made a careful measurement of this half- 
life. 

Lead bricks were piled in front of the “22’-Mev betatron to 
absorb the gamma-ray beam and to provide a source of photo- 
neutrons. An electrolytically pure copper disk was placed at the 
center of a block of paraffin beside the lead bricks. After the lead 
had been irradiated for 11 minutes, the copper disk was counted 
with an end-window 8-counter connected through scalers to a 
time-stamping machine. The decay curve shown in Fig. 1 is that 


COUNTS PER MINUTE 





TIME IN 100 SECOND INTERVALS 


Fic. 1. Decay of Cu®, The background of 34 counts/min. and a 
long-lived activity of 7 counts/min. have been subtracted. 


obtained after subtraction of background of 34 counts/min. and 
a long-lived activity of 7 counts/min. (presumably 12.9 hour Cu). 

A similar irradiation was made with a copper disk surrounded 
by cadmium. The initial activity of this disk was only 50 percent 
above background. This established that the activity of Fig. 1 
resulted from the capture of slow neutrons by copper, and hence 
must arise from the reaction Cu®(n, ~)Cu®. 

We therefore find the half-life of Cu®* to be 5.18 +0.10 minutes. 
This is in good agreement with the old value of 5 minutes measured 
by Amaldi et al.? 

1L. M. Silver, Phys. Rev. 76, 589 (1949). 


2 Amaldi, D’ Agostino, Fermi, Pontecorvo, Rasetti, and Segré, Proc, 
Roy. Soc. A149, 522 (1935). 
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Stars Induced by 350- to 400-Mev Protons* 


G. BERNARDINI, E, T. BootH, AND S. J. LINDENBAUM 
Columbia University, New York, New York 
October 17, 1950 


LFORD GS plates with emulsions 400 microns thick were ex- 
posed to the 385-Mev proton beam of the Nevis cyclotron. 
The exposures were made inside the vacuum chamber at maximum 
orbit radius. Very brief exposures with the ion source off, yielded 
about 2X 105 proton tracks per cm? in the emulsion, and the aver- 
age length of each track was greater than 10 mm. These tracks 
were parallel, on the average, to +1°. 

Four hundred and four stars induced by the protons in the 
emulsion have been analyzed. The star prongs are classified as 
“gray” for grain densities less than three times minimum, “sparse 
black” for grain densities between three and six times minimum, 
and “black” for grain densities greater than six times minimum. 
These ranges correspond approximately to proton energies greater 
than 100 Mev, between 30 Mev and 100 Mev, and less than 30 
Mev, respectively. In Fig. 1 is shown the distribution of the num- 
ber of stars with various numbers of black plus sparse black 
prongs. In Fig. 2 is plotted the percentage of stars with at least 
one outgoing gray prong. The incoming proton tracks were ob- 
served in all cases but have not been counted in any of the prong 
statistics. 

For 219 of the stars, the distribution of black, sparse black, and 
gray prongs are summarized in Table I. 

The mean free path for the production of stars with one or more 
black prongs by 350- to 400-Mev protons has been determined by 
measuring by sampling, the total track length in the emulsion 
scanned, and dividing by the number (404) of stars found. In this 
way, a mean free path of 569 cm was found. This corresponds 
to a nuclear cross section for the production of stars in GS emulsion 
of 45-6 percent of geometric, indicating considerable nuclear 
transparency. 


NUMBER OF STARS 





° 


' 2 3 4 5 6 7 8 9 
NUMBEP OF PRONGS (BLACK +SPARSE BLACK) 


Fic. 1. The distribution curve for number of stars as a function of 
number of prongs (black-+sparse black) with grain densities greater than 
three times minimum. 


The angular distribution of prongs in the different energy ranges 
was determined for one hundred stars. The gray and sparse black 
prongs were peaked markedly in the forward direction with re- 
spect to the primary proton. The mean angle for these prongs 
was about 30°. The black prong angular distribution can be in- 
terpreted as consisting of 3 isotropic prongs and 4 projected in 
the forward 90°. 

The Wouthuysen!-Goldberger* model for the interaction of 
nucleons with the nucleus predicts considerable transparency and 


TABLE I. Properties of 219 stars as a function of the number of 
black (grain density greater than 6 minimum) prongs. 








No. of black prongs 0 1 2 3 4 5 6 7 8 9 





No. of stars 6 47 47 48 34 23 10 
No. of stars with 
30 20 20 10 5 3 


gray prongs 
No. of stars with a gray 
or sparse black prong 6 35 31 32 20 13 3 
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Fic. 2. The percentage of stars with an outgoing gray prong wr a ae 


tion of the number of prongs (black+sparse black) with grain d 
greater than three times minimum, 


the immediate ejection of sharply projected fast nucleons and 
some slower less collimated knockons before the evaporation 
process. All of these features are in agreement with our results. 

Figure 2 shows that as the number of black prongs increases, 
the percentage of stars with gray prongs decreases, gray prongs 
were not observed in stars having more than six black prongs. 
This is interpreted to mean that for the 7-, 8-, or 9-prong stars 
most of the primary proton energy was absorbed by the nucleus. 
In these cases, the average energy associated with a black prong 
is 50 Mev, in approximate agreement with values measured in 
stars produced by cosmic rays.* 

Reference to Table I shows that for stars between 2 and 5 
(inclusive) black prongs, the percentage of stars which have a 
gray or sparse black prong is approximately constant and equal 
to 60 percent. Furthermore, less than 7 percent of all stars have 
two or more outgoing gray or sparse black prongs. Allowing for 
the fast neutrons which are not visible, the inference is that in 
nearly all stars there is at least one outgoing fast nucleon. 

The authors wish to thank Miss E. Wimmer for assisting with 
the analysis of the plates. 

* This project was supported jointly by the ONR and AEC. 

1S, A, Wouthuysen, Phys. Rev. 75, 1329 (1949). 

2M. L. Goldberger, Phys. Rev. 74, 1269 (1948). 


3 Brown, Camerini, Fowler, Heitler, , and Powell, Phil. 
862 (1949); Bernardini, Cortini, and Manf. . Phys. Rev. 79, ps2 thoson, 





The Nuclear Spin of .;Tc* 
Kari G., KESSLER AND WILLIAM F,. MEGGERS 


National Bureau of Standards, Washington, D.C. 
October 16, 1950 


HE emission spectrum of Tc®® has been investigated in this 

laboratory,! the wave-lengths of the principal lines have 

been reported?“ and an analysis of the spectrum has now been 
prepared. 

A 2.1-mg portion of the Tc® sample was used in making a series 
of interference spectrograms with a liquid-nitrogen-cooled beryl- 
lium hollow cathode discharge tube filled with helium gas at 
about 1 mm pressure. Fabry-Perot interferometers having 3.75 
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TABLE I. Interval ratios for the line 4238.19A. 











Theory spin Ratio 
7/2 1,000: 0.800:0.600 
9/2 1,000:0.833:0.667 
11/2 1.000:0.857:0.714 
ent 1,000: 0.831 +0.011:0.654 +0.011 








and 5 mm invar separators were used with aluminum-coated 
quartz interferometer plates. Hyperfine structure patterns were 
observed in the 30 strongest lines of Tc between 2900A and SOO0A. 

Up to 8 components were resolved in lines attributed to transi- 
tions involving levels with J>7/2, thus showing that J>7/2. 
Interval-ratio calculations for the 4-component line 4238.19A(4d5 
5s? ©S52—4d® 5s (7S) 5p ®P3/2°) are compared with measured inter- 
val ratios in Table I. Theoretically, the intervals should be in 
a ratio ([+J):(+J—1):(7+J—2), that is, for J=#, 
(+4): (+4): 7-4). 

These data indicate clearly that the spin of Tc* is 9%/2 as pre- 
dicted by Feenberg and Hammack,* and in agreement with the 
model proposed by Mrs. Mayer.’ The line 4031.63A (4d® (5D) 5s 
6Do/2—4d* (5D) 5p *Do2°) shows only 6 components resolved, but 
the end of the pattern is consistent with a spin of 94/2. 

The magnetic moment of Tc® is now being determined and will 
be reported soon. 

1 Loaned by the AEC. 

2W. F. Meggers and B. F. Scribner, J. Opt. Soc. Am. 39, 1059 (1949). 

3 W. F. Meggers and B. F. Scribner, Oak Ridge Spectroscopy Symposium 
i March 25, 1949. 

W. F. Meggers and B. F. Scribner, J. Research Nat. Bur. Stand. (to 
ms ‘Published). 
5 W. F. Meggers, J. Research Nat. Bur. Stand. preparation). 


(in 
6K, Sesakens and K. C. Hammack, Phys. Rev. 75, 1877 (1949). 
7M. G. Mayer, Phys. Rev. 78, 22 (1950). 





Erratum: Nuclear Isomerism and Shell Structure 
[Phys. Rev. 79, 1021 (1950)} 


R. D. Hitt 
Physics Department, University of Illinois, Urbana, Illinois 
October 6, 1950 


EVERAL points in Fig. 1 were incorrectly located. This 
figure should be replaced by the accompanying plot. 
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Fic. 1. Plot of level pusitions against odd neutron numbers for the 
even-odd isomers of the fifth nuclear shell. Onty isomers exhibiting inter- 
nally converted gamma-ray transitions are shown. 


Subsequent to the communication of the letter, another isomer, 
Xe", has been investigated.! This new point, sXe!™—d32, falls 
accurately on the Xe—d;/2 curve and further emphasizes the con- 
sistent level trends particularly in this region. 


1], Bergstrém and S,. Thulin, Phys. Rev. 79, 538 (1950). 
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On the x-Meson Absorption and Emission 
Mechanisms in Nuclei 


P, CUER 
Université de Strasbourg, Strasbourg, France 
October 10, 1950 


WO groups of Berkeley experimenters! have recently re- 
ported preliminary results on the pp-interaction producing 
a* mesons which may indicate a high probability to find the re- 
sulting proton and neutron in a bound state. In this connection 
we would like to recall some considerations we made in 1948 
which might be still of interest and which stress more precisely a 
possible analogy between the number of particles involved in 
the x~ absorption and production processes in nuclei. . 

After a preliminary analysis of o-stars we concluded? that the 
most probable process of the primary act of #~ absorption in a 
nucleus was not a radiative one but the emission of a high energy 
neutron, the momentum being balanced by a recoil aggregate 
(nucleon, H?, H*, He* or more, depending on their instantaneous 
presence in the absorption spot). These primary particles could 
afterwards heat the residual nucleus and give rise to an evapora- 
tion process. The hypothesis was worked out by Heidmann and 
Leprince-Ringuet® and was found to be in accordance with ex- 
perimental results, however with poor statistics. Further experi- 
mental data by Perkins‘ indicated a considerable probability of 
ejection of pairs of nucleons. Later studies agreed that emitted 
particles could be divided in two main groups, an analysis® showed 
that a peculiar scheme in which a neutron and a recoil triton were 
produced was close to the truth as for the relative number of high 
energy protons of o-stars found in #-sensitive emulsions. 

An extensive analysis performed recently by the Bristol group*® 
gives strong support to the hypothesis of fast neutrons in the 
primary act for light elements. In the heavy component, as the 
authors find a ratio of fast protons lower than that predicted by 
Tamor’ in the nucleon-nucleon model, mainly in light elements, 
they conclude that the process is not likely. The argument may be 
not so serious as appears at first sight because we have found® 
that fast particles of |e| charge (E>25 Mev) are ejected in Berke- 
ley plates exposed to 80-Mev neutrons in only 10 percent of the 
stars, this ratio being lower for light elements. These are also the 
approximate figures found in o-stars. However, in these plates a 
phenomenological study of the number of prongs as a function 
of the known incident energy (free from the uncertainty arising 
in the classification of stars) indicates a higher excitation energy 
for o-stars (~70 Mev for the heavy emulsion component) than 
do 80-Mev neutrons (~50 Mev for the same component). 

As the ratio (3 prong/4 prongs) is very sensitive in the 100-Mev 
region and lies between 80- and 150-Mev neutrons, it is likely 
that recoils of M>1 are sometimes involved. It seems then that 
the Bristol excitation value for evaporation stars in BrAg (100 
Mev) is overestimated, Fujimito’s model which they use does not 
appear to fit with current evaporation calculations.® 

Protons of: ~100 Mev as occasionally found suggest cases in 
which the effective recoil is at least a Be® clustering balancing the 
moment of a neutron of about 125 Mev. Deuterons, tritons, and 
even a-particles with energies well above the mean temperature 
have also been detected. 

It has commonly been assumed hitherto that mesons arise in 
nuclei by nucleon-nucleon collisions, the threshold energy of pro- 
duction being lowered by the internal dynamics of the systems.!® 
For such threshold calculations Barkas" has given an ingenious 
method similar to that used in nuclear physics. Such an analogy 
between nuclear dynamics and meson production seems, however, 
to be somewhat strained. In an ordinary nuclear reaction, as the 
whole nucleus contributes to the excitation which is given up to 
the products much later, we are entitled to consider only the initial 
and final states. 

In a meson production at threshold incident energy the residual 
nucleus, if any, is generally heated after the x-emission by the re- 
acting particles at rest in the c.m. system. It appears then that 
some definite hypothesis must be made for the primary event, as 
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the available energy in the c.m. system for meson creation will 
depend on the masses of the interacting particles and not on the 
final state of the more or less excited nucleus. 

We propose to introduce for this primary stage a clustering 
process similar to this used in the absorption process: 
the incident nucleon would interact with a nucleon, H?, 
H?, He‘---depending on either their probability of existence 
or the possibility that a minimum volume of the nucleus would be 
involved in large transfers of energy. Without taking account of 
the internal dynamics which would decrease the figures, thresholds 
would be obtained with heavy clusters. For effective x-production 
if we start with He‘ as a safe limit, we get values a little higher 
than Barkas’. Nuclei showing a-structure like C” would give low 
thresholds. The excitation curve below the pure nucleon-nucleon 
threshold would give the relative proportions of clusters in ~10-2 
sec. Extensive statistics of stars emitting r-mesons in light ele- 
ments at known incident energies would give evidence on this 
mechanism. With 260-Mev neutrons, the cross section is too low 
to draw conclusions from our Berkeley plates. 

Association at high energies could explain too the high proba- 
bility of (m,d) and (m,7) reactions with or without z-emission.” 

Finally, we recall"* that neutron-hydrogen experiments with 
defined neutron beams, similar to those performed with protons, 
would give definitive evidence on the di-neutron. 

We wish to take this opportunity of thanking warmly Drs. 
Bradner and Gardner, and Professor Lattes who very kindly 
have given to our group the possibility of studying some high 
energy events. 

1 Cartwright, Richman, Whitehead, and ba Phys. Rev. 78, 823 
(1920). Vv. A A Esterecm, Phys. Rev. 79, 407 (1950 


Ctier and M. Morand, Comptes Rendus 26, 649 (1948), 
ay Heidemann and L. Leprince-Ringuet, Comptes Rendus 226, 1719 


(1948). 
4D. H. Perkins, Phil. M: ~ 601 (1949), 
5s Ww. Cheston and L. Goldfarb, Phys Rew 78, 683 (1950). 
6 Menon, Muirhead, and Rochat, hil. Mag. 41, 583 1900). 
7S. Tamor, Phys. Rev. 77, 412 (1950). 
8 P. Ciier, an Van Rossum, C. R. congrés de Céme (1949), 
Ww. Herpine and L, Baumhoff, Phys. io, 75, 378 (1949), 
10 W. G. MacMillan and E, Teller, oo tebe - 72, 1 (1947). 
11 W. H. Barkas, Phys. Rev. 75, 1109 
12 Ciier, Morand, and Van Rossum, deere Rendus 228, 481 (1949). 
18 Morand, Ciier, and Moucharafyeh, Comptes Rendus 226, 1974 (1948). 





Noise Temperature of a D.C. Gas 
Discharge Plasma 
SHojyt Kojima AND Kazuo TAKAYAMA 


Tokyo University of Education, Tokyo, Japan 
September 29, 1950 


N a discharge tube, noise is generated from the cathode fall 
and the plasma. To pick up the noise of the plasma, a floating 
probe was inserted near the anode. The fluctuation of the voltage 
between the probe and the anode was observed by a narrow band 
amplifier of 14 Mc/sec. The discharge tubes used, of which the 
diameter is 3 cm and length 7.8 cm, were filled with argon at a 
pressure of 1 to 3 mm Hg, whereas the tubes filled at higher pres- 
sures frequently showed some oscillations. 
The noisiness of the plasma is expressed by the noise tempera- 
ture 7, which is defined by the formula 


(@)w=4kT AR, 


where (¢*), is the mean square voltage fluctuation per cycle and 
R is the resistance between the probe and the anode. The mean 
square voltage was determined by comparison with the shot noise 
of a diode with the aid of a square law detector. The resistances 
were deduced from the characteristic curves of the probe. 

The measurements were performed at various electron tem- 
peratures, varying the applied voltage of the discharge tubes. 
The electron temperature was more easily determined by the 
double-probe! than the single-probe method. The relations be- 
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Fic, 1. Relation between the noise temperature 7» and the 
electron temperature Ts. 
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tween the electron temperature T, and the noise temperature T, 
were studied with tubes A and B. The results are shown in Fig. 1. 
This shows that the noise temperature agrees with the electron 
temperature as far as orders of magnitude are concerned and that 
they are in a proportional relation. 

The noise of the plasma, as discussed by Parzen and Gold- 
stein,? consists of the thermal noise, which depends on the electron 
temperature, and of the current noise, which depends on the d.c. 
current. The latter shows a frequency dependence, but the former 
does not. A preliminary experiment® with an amplifier of 600 
kc/sec. indicated that the noise temperature at this frequency is 
nearly equal to that at 14 Mc. Therefore, the observed noise is 
mainly thermal noise. This explains the approximate agreement 
between the noise temperature and the electron temperature. 

1E, O. Johnson and L. Malter, Phys. Rev. 76, 1411 (1949). 


2 P, Parzen and L. Goldstein, Phys. Rev. 79, 190 (1950). 
8 Kojima, Takayama, and Shimanuchi (to be published.) 





Fluorescent Decay of Scintillation Crystals 
S. H. Liesson, M. E. BisHop, AND J. O. ELLiot 
Electricity Division, Naval Research Laboratory, Washington, D.C. 
October 16, 1950 


N order to clarify recent observations of the behavior of or- 
ganic fluors which scintillate under gamma-ray bombard- 
ment, measurements have been made of the decay time of fluo- 
rescence under ultraviolet excitation. The technique employed is 
similar to one suggested by Tumerman! and involves a measure- 
ment of the phase shift between incident modulated ultraviolet 
light and the resultant modulated fluorescence of a fluor whose 
mean lifetime for excited states is r. The decay of excited states is 
assumed to be of the form e~*/". The exciting ultraviolet light is 
modulated by passage through a quartz crystal oscillating at 
about 5 Mc/sec., the resultant light being modulated at about 
10 Mc/sec. It is easily shown that the phase shift is related to 
the mean lifetime of the fluor by the relation tang=2zfr, where 
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TABLE I, Decay times of fluors, 








Fluor Uv decay 





anthracene X10-8 sec. 
prov weno (—195°C) 
carbazole 


chrysene 

diphenyl acetylene 

1,4 diphenyl butadiene 

filuoranthene 

— 

peryiene 

phenanthrene 

quaterpheny! 

stilbene 

terphenyl 

j anthracene in benzene 
/ terpheny! in toluene 
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20 0.05 
.25 +£0.05 








is the phase shift and f is the modulating frequency. Measure- 
ments of phase shift can be made which correspond to time decays 
of the order of 2X 107 sec., the principal source of error for these 
measurements being amplifier noise. The ultraviolet source was a 
10 kw carbon arc with transmission filters to limit the spectral 
range from 2500A to 3500A. Table I shows the results of measure- 
ments made at room temperature on some fluors together with 
measurements obtained by means of a pulse technique under 
gamma-ray bombardment.? 

The times measured by the pulse technique have been corrected 
for the decay introduced by the photo-multiplier, estimated at 
4X10~° sec. from measurements on dark noise pulses. The ac- 
curacy of both sets of measurements was estimated to be about 10 
percent. Measurements by the shorted-line technique are in sub- 
stantial agreement with those of recent investigators.*-5 

Measurements using modulated ultraviolet light were checked 
with measurements made by Gaviola,® corrected according to 
Tumerman.! For a solution of rhodamine B in water and glycerine, 
values of 2.5 10~* sec. and 5.2 10~° sec., respectively, were ob- 
tained, in agreement within experimental error with Gaviola’s 
results. A grid-controlled x-ray tube operated at 80 kv was 
modulated at 10 Mc/sec. and used in place of a light source. 
Measurements on the decay times for stilbene, anthracene, ter- 
phenyl, diphenyl] acetylene, and a } percent solution of terpheny] 
in toluene yielded results in good agreement with the ultraviolet 
excitation decay times. Oscillator strengths based on measure- 
ments of absorption spectra for stilbene and 1,4-dipheny] buta- 
diene’ were calculated as 3.5X10~® sec. and 3.3X10~ sec., re- 
spectively, indicating a reasonable if not fortuitous agreement 
with measurements on ultraviolet decays. 

The discrepancies between ultraviolet and gamma-ray excita- 
tion cannot be easily resolved. A measurement on a crystal of 
0.05 percent anthracene in napthalene at the anthracene wave- 
lengths gave a mean lifetime in good agreement with the ultra- 
violet measurements on pure anthracene, indicating that the 
migration of energy within the crystal does not contribute ap- 
preciably to the measured decay time. The temperature depend- 
ence of the anthracene fluorescence was again demonstrated under 
ultraviolet excitation. Of equal interest were the results on a 
liquid solution of anthracene in benzene which gave a decay time 
of 20.5 10-* sec., and measurements on terphenyl in toluene 
which were in agreement with gamma-ray measurements. The 
measurements under x-ray bombardment were undertaken to 
obtain correlation with gamma-ray measurements, the agreement 
with ultraviolet excitation being unexpected. 

We would like to express our thanks to Professor L. Zechmeister 
of the California Institute of Technology for the preparation 
of 1,4-dipheny] butadiene. 

1L, A. Tumerman, J. Phys. U.S.S.R. 4, 151 (1941). 

2 Elliot, Liebson, Myers, and Ravilious, Rev. Sci. Inst. 21, 631 (1950). 

3G. G. Kelley and M. Goodrich, Phys. Rev. 77, yor A - ). 

4R. F. Post and N. S. Shiren, Phys. Rev. 78, 80 (19 

“ erat, Liebson, and Ravilious, Phys. Rev. 79, 393 11950). 


E. Gaviola, Zeits. f. Physik 42, 862 (1927). 
rR. S. Mulliken and C. A. Rieke, Rep. Prog. Phys. 8, 231 (1941). 


The Thermal Neutron Absorption Cross Section 
of Silicon* 


C. W. TITTLE 
North Texas State College, Denton, Texas 
AND 
HENRY FAuL 
U. S. Geological Survey, Washington, D. C. 
July 24, 1950 


HE thermal neutron absorption cross section of silicon has 
been determined experimentally by the method of Frisch, 
von Halban, and Koch.! A Ra-a-Be neutron source was placed in 
a mixture of pure silica sand and water, large enough to be 
effectively infinite; and the thermal neutron distribution was 
measured with indium foils. Counting was done with mica window 
Geiger-Mueller counters. Correction for the indium resonance 
was made by determining the activation of the foils when shielded 
by 0.10 cm of Cd. To correct for the absorption of indium reso- 
nance neutrons by Cd, this measured activity was multiplied by 
the factor 1.13, determined for indium foils of the thickness used 
(58 mg/cm?*). Sufficient data were taken to make the space in- 
tegrals of the thermal neutron density good to 2 percent in the 
case of the sand-water mixture, 2 percent in one experiment in 
which the comparison mixture was a heterogeneous lattice con- 
sisting of graphite rods and water, and 1 percent in another ex- 
periment in which the comparison medium was water. Correction 
for the depression of the thermal neutron density by the indium 
foils was made by use of Bothe’s formulas.? 

In these experiments the silicon cross section was compared 
with the hydrogen cross section for absorption. Correction for 
other nuclei was made by assuming o4(oxygen) =0.0016 barn and 
oa(carbon) =0.0045 barn.? Impurities were negligible. 

From the experiment in which sand-water was compared with 
carbon-water, 

oa(H)/oa(Si) =2.3+-20 percent. 


From the one in which sand-water and water were compared, 
oa(H)/oa(Si) = 2.0415 percent. 


Errors shown are estimated probable errors based on reasonable 
values of uncertainties in the corrections, concentrations, and 
space integrals. The weighted average of the two determinations is 


oa(H)/o4(Si) =2.12-12 percent. 


If o4(H) is taken to be 0.313-0.013 barn* at the standard neu- 
tron speed of 2.2 10° cm/sec., 


o4(Si) =0.150.02 barn. 


The calculations have neglected the possibility of resonance ab- 
sorption in Si. An experiment to search for resonance absorption 
showed that the resonance escape probability =1.01, i.e., 1.00 
within the experimental uncertainty of about 2 percent. 


* The sapginentel work reported here was done at the Massachusetts 
Institute of Technology, Cambridge, Massachusetts, in connection with the 
Nuclear Shielding — which is supported by a joint: program of the 
ON R and the Be no 
1 Frisch, v och, Kgl. Danske Videnskab. Selskab, ot - 

fys. Medd. ‘is io. i “1938 See also W. J. Whitehouse and G. A. R. 
Graham, Can. J. Research _ 261 (1947). 

2C. W. Tittle, Phys. Rev. 80, 758 (1950). 

3M. Ross and J. S. Story, P hysical Society Reports on Progress in Physics 
12, 291-304 (1948-49). 





The Gamma-Ray Spectrum of Ba’! 
E, L. ZIMMERMAN, E. B, DALE, D. G. THomas, AND J. D. KuRBATOV 
Department of Physics, Ohio State University, Columbus, Ohio 
July 10, 1950 


HE Ba"! photo-electron spectrum from a lead radiator has 
been investigated below 700 kev. A thin lens spectrometer 
adjusted for two percent resolution was used. The spectrometer 
calibration constant was 598.9 gauss-cm/amp. This was deter- 
mined by measuring the K and L photo-electron peaks of the 
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364.18-kev gamma-ray in I'*!, The energy of this gamma-ray is 
known! accurately and lies in the region of gamma-ray energies 
of Ba'*!, The calibration was repeated with gamma-rays of Co” 
and found to be within 0.05 percent. of that of I'*, 

Activated barium nitrate was obtained from the Oak Ridge 
National Laboratory. The sample was.purified and the cesium re- 
moved chemically. Since the material had a low specific activity 
a large volume of sample (about one cubic centimeter) was used. 
The total activity after decay of Ba at the beginning of observa- 
tions was about 0.5 millicurie. The spectrum was found to complex. 
The peaks occurring at current settings 4.255+0.01 and 4.370 
+0.02 amp. were much stronger and better defined than any of 
the others. These are shown in Fig. 1. The separation and relative 
intensity of the two peaks indicate that they are the K and L 
peaks of a single gamma-ray. 

Values for the gamma-ray energy calculated from the K and L 
photo-electron peaks are 496.51 kev and 496.52 kev. 

The high background due to the large sample caused consider- 
able uncertainty in the analysis of the other peaks. There was a 
substantial increase in the counting rate corresponding to photo- 
electron energies in the range from 95 to 130 kev. The distribution 
was too broad to be due to either the K or the L photo-electrons 
from a single gamma-ray energy. The shape of the distribution 
indicated the superposition of photo-electrons from at least three 
gamma-ray energies. 

A grant in aid from the Ohio State University Development 
fund for construction of a thin lens spectrometer made this work 
possible and is gratefully acknowledged by the authors. 


1 Lind, Brown, Klein, Muller, and Dumond, Phys. Rev. 76, 1633 (1949). 





On the Radioactivity of Potassium 
M. CEcCARELLI, G. QUARENI, AND A. ROSTAGNI 
Istituto di Fisica dell’ Universita di Padova, Italy 
October 13, 1950 


T is known that K® decays into Ca“ through 6 emission; 

v. Weizsacker! suggested that it may also decay into A” 
through 6* emission or K-capture. 8* radioactivity was excluded 
by an experiment due to Bothe* and K-capture was apparently 
demonstrated first by Thompson and Rowlands, and then by 
Bleuler and Gabriel,? who gave for the ratio \x/A_ the figure 
1.9+0.4. Doubts on the reliability of this result and of the value 
h.=1.0X10-* yr. given by the same authors were raised in 
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different places.‘ Direct search’ for A“ in old potassium ore showed 
quantities which are far inferior to those expected on the basis 
of the value given by Bleuler and Gabriel and suggests for \x/A_ 
a maximum possible value of 0.1. 

We made first an investigation® on 6- and y-radiation from K“ 
with an experimental arrangement which was derived from those 
of Occhialini, Bocciarelli, Libby, and Lee.? Then, as we describe 
below, we tackled the problem of the K-capture with other equip- 
ment, similar to that used by Bleuler and Gabriel, but with an 
essential improvement, in the addition of a magnetic field which 
eliminates the background due to §-rays (which outnumber by 
far the x-rays looked for) and an anticoincidence system which 
substantially reduces the background due to cosmic rays. 

The experimental arrangement is shown in Fig. 1, @ and 6. 
A and B are respectively the cathode and the anode of a Geiger- 
Miiller counter, 58 mm in diameter, the effective length of which 
is 140 mm; the cathode consists of a parallel system of brass 
wires 0.3 mm thick at a distance of 4 mm from each other. The 
counter is coaxial with the tube D, 95 mm in diameter and 500 
mm long. On the internal surface of D and facing the counter is 
deposited a layer of KF, 2.5 mg/cm? thick and 140 mm long. The 
movable frame E is covered half (140 mm) with an aluminum foil 
0.03 mm thick, and half with a net of wires 0.1 mm in diameter. 
The frame can be moved by inclining the tube in order to insert 
either the foil (which is supposed to absorb completely the soft 
x-rays from A“) or the net between the KF layer and the counter. 
Both electrodes of the counter are insulated, and the cathode A 
is maintained at a potential about 300 volts negative with respect 
to the tube D. This is necessary to restrict the sensitive volume of 
the counter to the space inside A, by preventing the entry of elec- 
trons generated outside. The counter is located between the pole 
pieces of an electromagnet, taking advantage of a hole along its 
axis (Fig. 1c). The field, parallel to the axis of the cylinder and 
uniform in the region used in the experiment, is regulated so as to 
prevent §-rays from penetrating to the inside of the counter. 
Actually the pulse frequency decreases by,increasing the field up 
to 6000 gauss and then remains constant. In our experiment we 
used a field of 10,000 gauss. Calculation shows then that 8-particle P 
from the KF layer cannot come nearer than 5 mm to the cathode 
of the counter, Residual pulses are therefore due either to more 
energetic, or to field-insensitive rays, mainly cosmic, -y- or possibly 
x-rays. The six counters C, in parallel with each other, are in anti- 
coincidence with the counter AB. 

After some trials with various gas mixtures, a filling with 400 
mm Hg argon and 10 mm Hg ethyl alcohol proved the most satis- 
factory. The calculated efficiency of this filling for the argon x-rays 
is about 0.48. Taking into account the average absorption in the 
KF layer (0.50) and in the gas between this layer and the cathode 











TABLE I, Experimental counting rate. 
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Field Shield Counts/min. Diff. 
off off 393 
i 297 
on off 96.19 +0.16 
0.07 +0.23 
on on 96.12 +0.16 
on off (-coinc.) 34.16 +0.06 
0.15 +0.08 
on on (-coinc.) 34.01 +0.06 








(0.21), the final efficiency of our arrangement with respect to 
x-rays is 0.19. As we are interested directly in the ratio x-rays/ 
B-rays and not in the absolute intensities, we do not need ap- 
parently to consider a solid angle effect, both measurements of 
x- and @-rays being performed under identical geometrical condi- 
tions. We must, however, take into account the back-scattering 
of 8-particles, an effect which had been neglected by Bleuler and 
Gabriel® and was first brought into consideration by Graf.t That 
implies in our experimental conditions, according to Graf’s re- 
sult, a correction factor on §-intensity of the order of 0.5. 

Table I represents the results obtained in a total time of 123 
hours. 

We assume the difference of the first and second lines of Table I 
to represent the intensity of 8-rays. This has been confirmed by 
a control experiment with the KF layer off. This intensity must 
be corrected for the back-scattering effect; using the correction 
factor 0.5 we obtain Jg=0.5X297=148. The numbers in the 
fourth and fifth lines are obtained from those in the second and 
third by subtracting the coincidences of counter AB with counters 
C (cosmic rays background). The differences between the second 
and third or between the fourth and fifth lines give as upper 
limits (considering statistical errors) for the x-rays intensity 0.30 
and 0.23, respectively, the second figure (corresponding to a re- 
duced background) being the more reliable. For the ratio x-rays/ 
f-rays, taking into account the counting efficiency and the Auger 
coefficient, we obtain 


AK 0.23 
A_~ 1480.19 X0.12 


as an approximate upper limit. 

For unavoidable reasons we could not protract our experiment 
long enough to obtain a substantial reduction in the statistical 
error and to be able to give a more explicit value of Ax. When the 
experiment had been completed the paper by Sawyer and Wieden- 
beck® appeared, where a ratio Ax/A_=0.13+0.04 is given, in sub- 
stantial agreement with our upper limit. The same conclusion, 
‘that Ax/A_ is at most of the order of 0.1, has also been obtained 
at the same time by Haxel, Heintze, and Houtermans, by a third 
different experiment.® 

All of these experiments agree among themselves and with 
Suess’ and Aldrich and Nier’s geochemical determinations,® in- 
dicating for \x/A_ a value at least 20 times smaller than Bleuler 
and Gabriel’s value. We think that an actual quantitative deter- 
mination of this ratio could best be performed by our method, 
more direct than the others attempted, using a layer of KF 
enriched with K* by a factor of 10 or more. Further details of 
our experiment will be found in a paper to appear shortly in the 
Nuovo Cimento. : 


1C, F. v. Weizsacker, Physik. Zeits. 38, 263 (1937). 
2W. Bothe and A. Flammersfeld, Naturwiss. 29, 194 (1941). 
?F, C. Thompson and S. Rowlands, Nature 152, 103 (1943); E. Bleuler 
and M. Gabriel, Helv. Phys. Acta 20, 67 (1947). 
4F. Birch, Phys. Rev. 72, 1128 (1947); T. Graf, Phys. Rev. 74, 831 (1948). 
§ H. E. Suess, Phys. Rev. 73, 1209 (1948); L. T. Aldrich and A. O. Nier, 
Phys. Rev. 74, 876 (1948). 
* Ceccarelli, ~EI~ and Rostagni, Nuovo Chante 6, 151 (1949). 
. Occhialini, Lincei Rend. 4. 103 (1931); D. Bocciarelli, Nature 128, 
374 G31); W. F Libby and D. D . Phys. R ev. 55, 245 (1939). 
A. Sawyer and M. L. Wiedenbeck, Phys. Rev. 79, 490 (1950). 
° Siice communication from Professor F. G. Houtermans. 
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Microwave Resonance Absorption of NiOFe.0; 


TostHIko OKAMURA, YOSIHARU TORIZUKA, AND YUzO KojIMA 
Research Institute for Scientific Measurement, Sendai, Japan 
July 24, 1950 


ICROWAVE resonance absorption in a semiconductor was 
first reported by Hewitt,! using MnO ZnO 2Fe,O;. In the 
ferromagnetic ferrites, NiOFe2O; has an especially high resistivity 
of 10° ohm-cm, when the heat treatment is suitable.? Since the 
absorption in a semiconductor is not so affected by the surface 
condition of specimen, it should be possible to measure the reso- 
nance field accurately. The measurements of resonance absorption 
were made in the range of 7.5-cm and 3.2-cm wave-length. 
In Fig. 1, curve (A) shows the results of a measurement at 4051 
Mc of the curve of high frequency loss versus the static magnetic 
field applied to the disk specimen (16 mm diam., 0.5 mm thick). 


. The curve has a rather broad maximum, but after repeated meas- 


urements we were able to fix a maximum resonance field of 450 
to 470 oersteds; when M., for the specimen is known, the g-value 
can be calculated according to Kittel’s formula* w.=7(BH). By 
means of the isthmus method, a value of M.. of 307 gauss was ob- 
tained at 8000 oersted. This is in good agreement with the result 
obtained by Gorter.‘ The g-value was thus found to be 2.052-0.07 
with 307 gauss for M.. 

As the r-f skin depth in the specimen is large, owing to its high 


resistivity, it is possible to measure the absorption by using a. 


spherical specimen. As Kittel has shown, the resonance formula 
will be wo=7H when the specimen is a sphere, and does not in- 
volve the observed value of M.. explicitly. The curve observed by 
using the spherical specimen (10 mm diam.) is shown by curve 
(B), and we obtained a g-value of 2.02+-0.10. This result is in good 
agreement with the case of the disk, with 307 gauss for M.. 
Furthermore, the absorption was also observed with the disk 
specimen (4.5 mm diam., 0.5 mm thick) at 3.2-cm wave-length, 
9317 Mc in frequency. The result is shown in curve (C). The 
maximum absorption was observed at 1810 oersted and a mini- 
mum absorption was also observed, the g-value was determined as 
2.26+0.02 considering a demagnetizing factor of Ny—Nz=0.775 
which was calculated from the dimension of the specimen. Curve 
(D) is a resonance curve of a spherical specimen (2.2 mm diam.) 
and the g-value obtained was 2.26+-0.02. Beljers and Ploder® 
have reported the g-value of NiOFe20; as 2.23 (3 mm diam.) and 
2.36 (2 mm diam.). We could not observe such a size effect by 
using spherical specimens of 2.2 mm and 3 mm in diameter. How- 
ever, we can point out that it is difficult to observe the resonance 
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Fic, 1. Resonance curves of NiOFe2Os at the wave-length 
of 7.5 cm and 3.2 cm. 
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TABLE I. g-Value of NiOFe20:. 











Wave-length 
Form of specimen 7.5 3.2 cm 
Disk 2.05 +0.0 2.26 +0.02 
Sphere 2.02 +0. 0 2.26 +0.02 
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field accurately when the 3-mm sphere was used, owing to the 
marked drop of the Q-value of a resonance cavity. 

The g-value of NiOFe,0; obtained is shown in Table I. 

It was ascertained experimentally that the wave-length becomes 
shorter as the g-value becomes greater. Kittel® has discussed such 
a frequency dependence on the g-value for some metals, but the 
phenomenon should be studied further using a semiconductor, 
which has a deeper skin-depth. 

1W. H. Hewitt, Jr., Phys. Rev. =, 18 (1948). 

? Recently published in Sci. Rep. RITU. 

3C, Kittel, Phys. Rev. 73, 155 (1948). 

oa W. Gorter, capes D 165, 789 (1950). 


H. G. Beljers and D older, Nature 165, 800 (1950). 
cc Kittel, Phys. Rev. 7 743 (1949). 





Microwave Spectroscopic Evidence for Internal 
Rotation in Methyl Silane 
Davip R. LipE* AND DonaLp K, COLEs 


Westinghouse Research Laboratories, East Piiisburgh, Pennsylvania 
October 18, 1950 


HILE thermodynamic evidence for the existence of in- 
ternal rotation in molecules is conclusive, there are some 
questions as to the nature of the hindering potential barrier. This 
has recently been emphasized by Blade and Kimball, who intro- 
duced a shape parameter into an assumed potential barrier, and 
found that the best modern thermodynamic data were inadequate 
for distinguishing between widely different barrier shapes and 
heights. Raman and infra-red spectroscopic studies have also 
proved somewhat inconclusive—-partly because of the limited 
resolution obtainable in the visible and infra-red regions of the 
spectrum. Fortunately, microwave absorption lines associated 
with different stages of torsional vibration can be resolved easily. 
By careful intensity measurements of these absorption lines, it 
seems possible to determine the energy levels and therefrom the 
barrier height and shape rather accurately. 

Probably the lightest symmetric-top molecule which is capable 
of internal rotation and of absorbing in the microwave region is 
H;C—SIH; (methy] silane). We find that the J/=0—1 transition 
of this molecule has the interesting appearance shown in Fig. 1a. 
Here the more highly excited levels of torsional oscillation are seen 
to be split into two components, in agreement with the theory of 
internal rotation.2 The spectrum of the deuterated compound 
(Fig. 1b) has a similar appearance, except for the relative in- 
tensities of the two components of a doublet. The statisticai weight 
associated with each of these components, which depends on the 
nuclear spin of the two sets of equivalent nuclei, can be found by 
calculating the weight for each end of the molecule separately, as 
if it were rotating with perfect freedom, and then multiplying the 
two weights together to get that for the state of hindered rotation. 

In the notation of reference 2, the two components of the nor- 
malized statistical weight g; are 3/4 and 3/8 for CH;SiHs, giving 
a total of 9/8, while for CH;SiD; the component weights are 11/18 
and 8/18, giving a total of 19/18. For molecules with large nuclear 
spins of the equivalent nuclei, the component weight factors g; 
would be 1/3 and 2/3 respectively. 

In order to study the splitting for molecules with over-all axial 
rotation, we examined the spectrum corresponding to the transi- 
tion J=1-2, K=1->1. In agreement with the prediction of 
Koehler and Dennison for this case,* these torsional vibrational 
levels appeared to be split into ¢hree components. 
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Fic, 1, The J =0-+1 transitions in methyl silane. 


The rotational constants By for different isotopic species of 
methy] silane are found to be: 


CH;Si#*H;— 10,968.96 Mc 
CH;Si*H;— 10,885.54 Mc CH;Si”D;—9572 Mc 
CH;Si*®H;— 10,806.53 Mc CH;Si®D;—9525 Mc. 


Stark effect measurements show that this molecule has a dipole 
moment of 0.73 Debye. 

Intensity measurements were attempted on absorption lines 
corresponding to different stages of torsional vibration and in- 
ternal rotation. We used sinusoidal Stark effect modulation at 
85 kc, two stages of 85 kc amplification, and then a calibrated r-f 
attenuator. Comparing two lines with the same statistical weight, 


CH;Si*D;—9622.78 Mc 


_ the intensity ratio provided a measure of the corresponding energy 


level spacing, at the rate of 15.6 cm™ per decibel of attenuation 
(temperature of dry ice). Preliminary values of the energy level 
spacings above the ground level are: 


Level V=1 V=2 V=3, k=5 V=3, k=6 
Energy (cm™) 183 313 415 465 


These values are consistent with Blade and Kimball’s two-parabola 
potential, where Vo/Vec=1, Vo=460+80 cm. With improve- 
ments to eliminate standing waves in the absorption cell, we be- 
lieve that the barrier shape and height can be determined within 
20 cm“, 


* Present address: Department of Chemistry, Harvard University, 
Cambridge, Massachusetts. 
1E, Blade and G. E. Kimball, J. Chem. Phys. 18, 630 (1950). 
2D. K. Coles, Advances in Electronics, Vol. II (Academic Press, New 
York, 1950), p. 335. 
3 J. S. Koehler and D. M. Dennison, Phys. Rev. 57, 1006 (1940). 





An Empirical Correlation Among Superconductors 
J. G. Daunt 


The Mendenhall Laboratory, Ohio State University, Columbus, Ohio 
October 6, 1950 


HE recent experimental results of Maxwell! and of Reynolds, 
Serin, Wright, and Nesbitt? on the change in the super- 
conducting transition temperatures of Hg and Sn with change in 
isotopic mass has served to re-emphasize the important role of 
the lattice in determining electronic superconductivity, a feature 
of the phenomenon which was also evident from the marked ob- 
servable effects of mechanical stress on the transition tempera- 
tures.2 Moreover, these experiments on isotopic changes, being 
such that one clearly evident parameter is varied, afford an ele- 
gant check on theory, such as has been carried out for example 
recently by Bardeen‘ and Froehlich.§ 
On the other hand, the electronic character of the phenomenon 
also shows certain regularities among the superconducting pure 
metals and in view of the increased recent theoretical attention 
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TABLE I. Tabulated data for the superconductors.* 








Element T.(°K) V{(cc) (y X104)** (y X104)*** @(°K) 





“Soft’’ Superconductors 


Pb 7.22 18.2 7.18.6 — 90 
Hg 4.15 13.4 3.75%—4.5S¢ — 96i 
Sn 3.71 16,2 3.45%—3.95> 4.04 185—260i 
In 3.38 15.8 3.56 —3.6¢ — 110 
Til 2.4 17.3 2.8> —3.4¢ — 90—100i 
Al 1.15 10.1 2.59¢ 3.48f 390—420i 
Ga 1,12 11.75 0.88 —1.5¢ — 240 
Zn 0.95 9.15 1.36¢ 1,255—1.5! 290i—320i 
Cd 0.54 13.0 0.75¢ — 170i 
“Hard” Superconductors 
Th 1.3 20.5 7.1% 170i 
Ta 4.4 10.9 14.1! 240i 








*T, is the transition temperature, V is the atomic volume, vy is the 
normal electronic specific heat coefficient, and @ is the Debye temperature. 
** + is given in units of cal. /mole-deg.*. The values in this column for the 
soft } Archon e ee are obtained from magnetic measurements of the 
reshold curves. 
Saale is given in units of cal./mole-deg.*. The values in this column for 
the soft superconductors are obtained from calorimetric measurements. 
* J. G. Daunt and K. Mendelssohn, Proc. Roy. Soc. A160, 127 (1937). 
b — Horseman, and Mendelssohn, Phil. Mag. 27, 754 (1939). 
A. D. Misener, Proc. ~r- Soc. A174, 262 (1940). 
4 W. H. Keesom and P. H. Van Laer, Physica | 7 193 (19, 
ej. G. Daunt and C. V. Heer, Phys. Rev. 76, 1324 (1 oo 
f J. A. Kok and W. H. Keesom, Physica 4, 835 tt 937). 
® Results to be reported : ay 
143 (1932), Keesom and J. N. van den ‘Ende, Proc. Amst. Akad, Sci. 35, 
iA. A, Silvidi and J. G. Daunt, Phys, Rev. 77, 125 (1950). 
i Burton, Grayson-Smith, and Wilhelm, Phenomena at the Temperature 
of a Helium (Reinhold Publishing Corporation, ~ York, 1940), 


p. 34 
ke Calculated from Eq. (2) using Schoenberg’s data, reference 7. 
1 From calorimetric data of Keesom and Desirant, reference 8. 


paid to the problem of superconductivity it is thought worth while 
to point out one empirical correlation which concerns the elec- 
tronic structure. 

Recent measurements® of the magnetic properties of pure Ga 
and Cd in the superconducting state below 1°K have completed 
all the data necessary for the calculation of the electronic specific 
heat of the normal state (C.1=yT) for all the known “soft” super- 
conductors. In Table I, the Sommerfeld y-values have been tabu- 
lated together with other pertinent data for the superconductors. 
It is to be noticed that the y-values increase approximately linearly 
with increasing transition temperature, T-, such that 


y=AT- (1) 


where A ~1X10~ cal./mole-degree*. Al, however, appears to be 
exceptional, but in view of its high Debye temperature as com- 
pared with the other soft superconductors, it may not be strictly 
permissible to class it in the same grouping. 

No similar complete data can be tabulated for the hard super- 
conductors since with the possible exceptions of thorium meas- 
ured magnetically by Schoenberg’ and of Ta measured calori- 
metrically by Keesom and Desirant,* either their observed mag- 
netic threshold curves do nof represent a reversible equilibrium 
boundary between the normal and superconductive states thus 
allowing no reliable derivation of + or no calorimetric observations 
at low temperatures have been made. The pertinent data for Th 
and Ta are included in Table I, the y-value for Th being calcu- 
lated from Schoenberg’s data’ using the equation that can be de- 
rived for y from Gorter and Casimir’s thermodynamical theory® 
assuming a parabolic magnetic threshold curve, namely 


y=(V/8x)(@H-/4T)* p< 7,. (2) 


From Table I it can be deduced that if the y-values of Ta and 
Th satisfied an equation of type (1), it would be with a value of 
the constant A more than three times larger than that for the soft 
superconductors. More data here would be of value; for example, 
calorimetric measurements of + for such readily obtainable metals 
as Nb, V, and Ti would be of interest. 
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Fic, 1. Variation of y/V with Te, showing the division into 
“hard” and “soft” superconductors, 


As a first approximation it would be. expected that the inter- 
action energy between the electrons responsible for the condensa- 
tion into the superconductive state would increase with increasing 
number density of electrons and hence on the Sommerfeld theory!” 
with the quotient ~/V where V is the atomic volume. It seemed 
to be of interest, therefore, to examine the empirical relationship 
between kT. and y/V.A plot of the experimentally observed 
values of y/V against 7; is given in Fig. 1, for the elements listed 
in Table I, the y-values being taken as the mean of those listed 
in the above tables. It will be seen that with exception of Zn the 
elements fall along two approximately straight lines, one for the 
soft superconductors and another for the hard superconductors 
(which group appears to include Al). The difference between the 
groups is not surprising in view of the known differences in their 
electronic band structures. 

1E, Maxwell, Phys. Rev. 78, 477 (1950); 79, 399 (1950). 

2 Reynolds, Serin, Wright, and Nesbitt, Phys. Rev. 78, 487 (1950). 

8G. J. Sizoo and H. K. Onnes, Leiden ere ig Nos. 133 and 
180b; N. em J. Phys. U.S.S.R. 9, 147 (1945); B. Lasarew and 
A. Galkin, J. Phys. U.S.S.R. 8, 376 (1944 _* 

4j. Bardeen, Phys. Rev. 79, 167 (1950). 

5H. Pig omy Phys. Rev. 79, 845 (1950). 

63.G . Daunt, to be reported later. 

7D. Schoenberg, sie Camb. Phil. Soc. 36, 84 (1940). 

8 W. H. Keesom and M +7 Desirant, Physica 8, 273 1941), 


*C, J. Gorter and H. G.B . Casimir, —— - 305 (1934). 
10 A, Sommerfeld, Zeits. f. Physik 47, 1 (1928). 





On’the Cohesive Energy of Metallic Lithium 


R. A, SILVERMAN AND W. Koun* 
Harvard University, Cambridge, Massachusetts 
October 13, 1950 


N the basis of the Wigner-Seitz atomic sphere approxima- 
tion, Bardeen! has evaluated the first two terms of a series 
expansion for the energy E(%) of an electron with wave number k 
moving in the lattice of metallic Li. He found that E(k)=Eo 
+E.k?+E.k'+-+-, where Eo= —0.6635 and? E,=0.6539 for the 
experimentally determined lattice constant* of 3.4492A. Bardeen’s 
calculations were based on the Li ion-core potential published by 
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TABLE I. Cohesive energy of metallic lithium by various 
methods of calculation. 








Cohesive energy 





Method used (kcal./mole) 
Experimental 39.0 
Power series to order k? 35.2 
Variable coefficients using (4) 34.6 
Power series to order k¢ 34,9 
Variable coefficients using (5) 34.8 








Seitz‘ which, as a result of an error, differed somewhat from the 
potential which Seitz had actually used. Bardeen has forwarded 
to us the correct potential and with it we have repeated his calcu- 
lation with the results Eo>=—0.6832, E2=0.7270. These values 
differ only slightly from those calculated by Seitz‘ who used a 
perturbation method (—0.682 and 0.744). With our values of Eo 
and E and the expression (0.284/r,) — [0.58/(r.+5.1)] (r.=radius 
of Wigner-Seitz sphere) usually assumed as the correction resulting 
from correlations between electrons, one finds the value of 35.2 
kcal./mole for the cohesive energy of metallic Li, as compared 
with the experimental value® of 39.0 kcal./mole. (The theoretical 
values of Seitz and Bardeen were 33.7 and 33.9 kcal./mole re- 
spectively.) 

On the basis of order of magnitude estimates it was thought 
that a considerable part of the discrepancy between theory and 
experiment might be due to the fourth-order term in the series 
expansion of E(k). We therefore evaluated E, by an extension of 
Bardeen’s method. This required the calculation of the lattice 
wave function to order k*. 


Ve=[uottkPiditk*(Got+Pop2) lexpi(k- r) (1) 


where % is the normalized s-solution of the Schroedinger equation 
for energy Eo, ¢: is rv of Bardeen’s paper,! P: and Pe are the 
Legendre polynomials of degree 1 and 2 respectively, while ¢o and 
¢2 are given by the following expressions :* 


o= $701 — 37° + E2(duo/dE) E =Eo (2) 
2= 97°01 — Fr*uot+cnfp. (3) 


Here rv; is the radial part of the p-solution as defined by Bardeen 
and fp the radial part of the d-solution (again for energy Eo); 
Cp is chosen in such a way that ¢¢ satisfies the boundary condition 
2 (rs) =0. 

By expanding in power series the expectation value of the 
Hamiltonian computed with the function (1), one obtains the 
energy E(k) correct to order k‘. In this way we found E,=0.0175, 
an unexpectedly small value which does not appreciably change the 
second-order result for the cohesive energy. (Table I.) 

To extract the optimum result from our wave functions we have 
also computed E(k) using the modified functions 

ve) = [¢ito+i¢2P ip: Jexpi(k- 1) (4) 
and 
VE” = [e100 +i02P 161 +-63(ho+P2g2) Jexpi(k- r) (S) 


and adjusting the coefficients c; to make the expectation value of 
the Hamiltonian an extremum. Table I summarizes our results. 

One notes that none of these refinements of Bardeen’s work 
appreciably improves the agreement with experiment. 

It should be mentioned in this connection that the atomic sphere 
approximation on which the above calculations were based cannot 
be expected to be reliable near the top of an energy band. One of 
us (W. Kohn) is therefore investigating the cohesive energy by 
means of a variation iteration procedure based on the integral 
equation 


vale) = [G(e, eV Wale ar, 


where G is the Green’s function appropriate to a periodic lattice 
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and V is the lattice potential. This method takes into account the 
actual shape of the atomic polyhedron and should give a better 
description of the upper part of the energy band. 

* Now at C. ie Institute of Technology, Pittsburgh, Pennsylvania. 


1J. Bardeen, J. Chem. Phys. 6, aa (1938). 
2 Atomic units are uae a cones 
hil. Mag. 30, "ss (1940). 


3 Perlitz and Aruja, P’ 
A 2 Seitz, Phys. Rev. 47, 400 (1935). 

ossini, T. istry of Chemical Substances, 
Eorperation, 3 — York, 1936). 


Bichowsky and R 
(Rheinbold Pub! 
6 oe (1) and (2) agree wi ests derived in Appendix 


III of Herring pan Hill, Phys. Rev. Oe 132 





Remarks on the Nuclear Resonance Shift 
in Metallic Lithium 
b W. Koun 
Carnegie Institute of Technology, Pittsburgh, Pennsylvania 
N. BLOEMBERGEN* 


Harvard University, Cambridge, Massachusetts 
October 13, 1950 


ECENTLY Knight! has found that the nuclear resonance 

frequency for an atom in the metallic state exceeds the 
frequency of the same atom in a non-metallic compound in the 
same external field. Townes, Herring, and Knight? have subse- 
quently proposed a simple theory for this effect. They find that 
for lithium the fractional frequency shift (for a given external 
magnetic field) is given by 


Af/f=155xp°Pr/Pa; (1) 
here x» is the spin contribution to the paramagnetic susceptibility 
of metallic lithium per unit mass, and Pr=|yr(0)|*m, Pa 
=|y.(0)|? are the mean probability densities at the nucleus of 
an electron on the Fermi surface of metallic lithium and of the 
S-electron in the lithium atom respectively. 

Using the experimental results! Af/f=3.6X10~ and** x, 

=3.0X10-* one is led to the experimental value, 

Pr/Pa=0.77 (2) 
for the ratio occurring in (1). Townes e aJ.* estimated on theo- 
retical grounds that this ratio had a value near 0.8, but they did 
not actually calculate Pr since the then available wave functions 
were based on an incorrect ion potential. 

The correct ion-core potential, calculated by Seitz, has been 
kindly supplied to us by Bardeen. For atomic lithium it gives 
P4=0.22. This value is also checked within a few percent by the 
measured hyperfine structure separation of the ground state of 
lithium.‘ 

For metallic lithium we have used the wave function (5) of the 
preceding letter’ which was calculated by means of an extension 
of the Wigner-Seitz-Bardeen theory. It gives Pr =0.30. 

Thus, according to theory, 

Pr/Pa=14. (3) 
The agreement between theory and experiment is seen to be 
much worse than was anticipated by Townes e¢ al. If one assumes 
that the difficult measurement of x», which enters into (2), can 
be relied on, the large discrepancy between theory and experiment 
is probably due to the theoretical value of Py. This would indicate 
that the Wigner-Seitz-Bardeen method is not suitable for a de- 
scription of the electrons on the Fermi surface of metallic lithium.® 

IW Be Kaight, Phy Rev. 76, 1259 (1950). 

ys. 
: Sarithrie ity ‘Acad’ Sc. 16, 207 (1942). 


4M, Fox and I. Rabi, on Rev. 48, 746 (1935). 
5 R. A. Silverman and W. Kohn, Phys. Rev., preceding letter 
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The Nature of Wide-Angle Sprays. If 


R. RONALD RAU 
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey 
October 9, 1950 


PPENHEIMER and Ney! have reported the occurrence of 
wide-angle sprays of minimum ionization particles pro- 
duced in }-in. Pb plates in a cloud chamber sent to balloon alti- 
rudes. Rau and Harris* have confirmed these cloud-chamber ob- 
servations of sprays in 1 cm Pb plates. 

In order to study in detail the origin of these events and the 
identity of the spray particles, we have modified the system of 
thick absorbers used previously. A schematic diagram of the new 
absorber system is shown in Fig. 1. The Pb foils were 0.92 mm 
thick and the bottom plate was ;4-in. Al for one flight and }-in. 
Pb for a second flight. The cloud chamber was expanded at 1-min, 
intervals. Plastic balloons manufactured by the General Mills 
Company carried the equipment aloft to a mean pressure altitude 
of 16 g/cm?. Approximately 3.5 g/cm? of solid material was im- 
mediately above the cloud chamber. The balloons were launched 
at 55°N geomagnetic latitude. We have analyzed thoroughly 487 
photographs from these two flights for spray events. This repre- 
sents about 80 sec. sensitive time. 

We have designated as sprays those events which have at least 
6 tracks of minimum ionization particles and which have an 
angular spread of 30° or more. Thirty-five events were found in 
the upper }-in. Pb plate, 23 with 6 to 9 tracks, and 12 with 10 to 
25 tracks. Two events were found in the foils. Thirteen events 
were initiated by ionizing radiation, 14 by non-ionizing radiation 
and 10 events were so situated in the cloud chamber as to make 
identification of the initiating radiation impossible. The rate of 
occurrence of sprays in the upper Pb plate checks with the rate 
previously obtained.? Each track in an event was followed until 
it stopped in an absorber or left the active volume of the cloud 
chamber. Range and scattering measurements were made when- 
ever possible. From this data we are able to draw the following 
conclusions concerning sprays having between 6 and 25 tracks: 
(1) the spray particles are predominantly electrons; (2) sprays of 
this size are mainly electromagnetic cascades. 

Evidence that the spray particles are electrons resulted from 
three observations. (a) The tracks of particles which ended in the 
thin foils did not appreciably increase their ionization above 
minimum. (b) The multiple scattering of spray particles showing 
minimum ionization tracks are consistent with the electronic 
mass. (c) The tracks of spray particles were directly compared 
with electron tracks in typical electromagnetic cascades and found 
to be similar in ali respects. 

We have obtained evidence for the second conclusion by analyz- 
ing all electromagnetic phenomena in 167 photographs and com- 
paring them with sprays. It is clear from this direct comparison 
that sprays of the category defined above are mainly electro- 
magnetic cascades having the property of wide angular divergence. 
One unusual event strongly suggests the correctness of this in- 
terpretation. A cascade event is started in the top Pb plate by 
one electron and one or more photons. The cascade develops 
nearly vertically down through the foils, most of the electrons 
being absorbed before reaching the bottom Pb plate. However, 
in the bottom Pb plate a spray of 8 particles is seen which is time 
and space related to the cascade. It is presumably initiated by a 
photon or photons associated with the cascade. The wide angular 
spread results from low energy electrons (1 to 10 Mev) which have 
undergone large multiple scattering in the Pb. Additional evidence 
comes from the fact that the four foils have 0.6 times the mass of 
the Pb plate and hence, if the sprays were caused by a single inter- 
action rather than a cascade, one would expect about 20 sprays in 
the foils rather than two. 

Presumably not all of the sprays are pure electromagnetic 
cascades. One 12-particle spray originating in the upper }-in. Pb 
plate had three particles which penetrated 4 Pb foils, the }-in. 
Al plate, and the }-in. lower Pb plate without scattering or multi- 
plication. This event was started by an ionizing particle and may 
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Fic. 1, Schematic drawing of the absorbers used in the cloud chamber. 


have been a mixed shower rather than a pure electromagnetic 
cascade. 

If we are to interpret sprays as electromagnetic cascades, it is 
important to know the axis of the event in order to determine the 
path length in the Pb plate or foils available for development of 
the cascade. In the previous work the 1-cm Pb absorbers. were 
2 in. apart. Thus if electrons and photons initiated a shower in 
the Pb plate at 45° or less to the horizontal, the core of the shower 
would probably be missed since it would most likely leave the 
chamber before penetrating the next lower Pb plate. In the present 
investigation with Pb foils separated by 1 in., low angle cascades 
are likely to penetrate a foil and the core can usually be identified. 
The core provides a good means of locating the general momentum 
direction of the shower and also the initiation radiation. Without 
the shower core as a guide the initiating radiation is not easy to 
locate, owing to the large background of random tracks in the 
cloud chamber. 

One-third of the sprays have their axes inclined at 45° or less 
to the horizontal. Of the 11 events having > 10 particles, 8 are in 
this category while three are at angles greater than 45° to the 
horizontal. One event had approximately 25 particles and origi- 
nated in a thin foil. Particles appeared both above and below the 
foil and traversed the cloud chamber from front to rear. This 
event appears to have arisen from a very nearly horizontal par- 
ticle or particles. A large number of small cascades (3 to 5 par- 
ticles) in the thin foils and Pb plate are observed which have axes 
at low angles to the horizontal. From these facts we believe it is 
possible to present a plausible argument that most and perhaps 
all sprays, even those larger than 25 particles, can be explained 
reasonably as either pure electromagnetic cascades or mixed 
showers. Further arguments will be presented in the following 
letter. 

t Assisted by the joint program of the ONR and the AEC, 


1F, Oppenheiiner and E. P. Ney, Phys. Rev. 76, 1418 (1949). 
2R. R. Rau and G. G. Harris, Phys. Rev. 79, 915 (1950). 





The Nature of Wide-Angle Sprays. II{ 
R. RONALD RAu AND A, S. WIGHTMAN 
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey 
October 9, 1950 


N the preceding letter new experimental evidence is presented 
concerning the wide-angle sprays of minimum ionization 
particles which have been observed at balloon altitudes in cloud 
chambers.4? Evidence is presented there for the interpretation 
of these sprays as being mainly electromagnetic cascades. A few 
sprays originate in mixed showers in the Pb. Of the remainder 
some appear to be initiated by ionizing and non-ionizing particles, 
presumably electrons and photons incident on the Pb. 
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At the time of the original work on sprays,! there were several 
objections to this interpretation. 

(1) The large number of particles produced in relatively small 
thicknesses of Pb (approximately two radiation units) was ap- 
parently incompatible with shower theory. 

(2) Events related to the spray apparently should have been 
produced in other Pb plates by the photons associated with the 
spray. 

(3) There was little evidence for the required photon and 
electron flux at high altitudes. 

The first two points are explained qualitatively by the 
assumption that the core of the event is at a rather small 
(>45°) angle to the horizontal. The experimental evidence in- 
dicates that especially for the larger events this is true. Such an 
assumption means that the cascade develops through a consider- 
ably longer path of Pb than the thickness of the plate. For ex- 
ample, for a photon of 1 to 10 Bev incident on a 1-cm thick Pb 
plate at 20°-30° to the horizontal, one could expect on the aver- 
age 10 to 100 electrons at the shower maximum.’ One can perhaps 
expect an even larger number of low energy electrons than is 
predicted by shower theory. For example, if a core is inclined at 
25° to the horizontal and is 1 mm from the lower surface of the 
Pb, its remaining path length in the plate is 3 mm. More low en- 
ergy electrons will then be scattered out of the Pb than if the core 
were normal to the Pb surfaces. Furthermore, the photons tend 
to remain near the core of the cascade and they will be unable 
to produce related events since it is most likely that the core of the 
shower will not strike another Pb plate. It is also possible that 
some large events may result from at least two photons traveling 
together. If a spray is due to a mixed shower started in the Pb 
by a high energy primary then it is possible that several photons 
contribute to the multiplicity of electrons observed. It seems to 
us that the above explanations are probably sufficient to invali- 
date the first two objections, provided that a suitable source of 
photons and electrons exist. 

It is clear from the recent experiments of Bjorklund e¢ al.‘ that 
an appreciable number of photons are produced in nucleon- 
nucleus collisions as a result of the production of x°-mesons and 
their subsequent decay. Furthermore, Carlson e al.5 have deter- 
mined the energy and angular distribution of photons at 70,000 
feet. Extrapolating these results we have estimated the y-ray 
flux expected in the cloud chamber at 90,000 feet. 

We assume: (1) The absolute vertical nucleon flux at 55°N 
geomagnetic latitude and under 15 g/cm? of air to be that re- 
ported by Winckler e al.,* namely 0.22 primaries per sec. per cm? 
per steradian; (2) that the cross section for star production in 
both Pb and air is geometrical.? We can make a check on these 
assumptions by counting the number of stars produced in the 
0.92 mm Pb foils and using the sensitive time of the cloud cham- 
ber, 0.15 second. The number of stars which result from these 
assumptions is about twice that counted. Only stars of 2 or more 
particles were counted. We find the number of x-mesons produced 
per second in air or Pb by extrapolating to energies larger than 
1 Bev the number spectrum for charged mesons as found by 
Camerini ef al.’ The x°-meson spectrum is determined from the 
fact that r°-mesons are produced with the same spectrum but 
half the total number.’ The y-ray spectrum can then be easily 
calculated. From these calculations we find that approximately 
one y-ray per sec. is generated having an energy greater than 1 
Bev in a }-in. thick Pb plate having 200 cm* area. In estimating 
the photon flux which passes through a plate in the cloud chamber 
due to the generation of +°-mesons in the air, we take the source 
function proportional to the density of the air. In order to get a 
lower limit we neglect the multiplying effect of the cascades in 
the air and the contributions due to photons at angles lower than 
15° to the horizontal. This angular cut-off is due to the experi- 
mental arrangement. Under these limitations we find 10 y-rays 
per sec. with energy larger than 1 Bev which traverse a Pb plate 
in the cloud chamber. 

These theoretical estimates must be compared to the 1.5 
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electromagnetic events per sec. observed in the cloud chamber. 
A small fraction (+1/20) appear to be associated with mixed 
showers. These numbers are based on a small number of photo- 
graphs. The theoretical estimates appear to indicate more than 
a sufficient number of -rays to produce the observed events. The 
fact that about half of the sprays are produced by ionizing radia- 
tion is reasonable since some of the --rays produced in the air will 
be converted to electrons. 

A number of factors in the theoretical estimate : electromagnetic 
cascades in air, nucleonic cascades, use of the vertical flux at all 
zenith angles, uncertainties in the r°-meson spectrum, could 
effect the agreement with experiment. However, in view of the 
fact that a detailed examination of the experimental data has not 
been completed, we feel that further refinements in the above 
estimates are premature. 

In summary, we have presented in the preceding letter experi- 
mental evidence that the smaller sprays (<25 particles) are 
electromagnetic cascades. In this letter we argue that recent work 
on °-mesons provides experimental evidence for a source of 7- 
rays adequate to account for the observed electromagnetic 
cascades. 

+ Assisted by the joint program of the ONR and AEC. 

1F, Oppenheimer and E. P. Ney, Phys. Rev. 76, 1418 (1949), 


2R. R. Rau and G. G. Harris, Phys. Rev. 79, 915 (1950). 
2W. Heisenberg, Cosmic Radiation (Dover Publications, New York, 


46). 

4 Bjorklund, Crandall, Moyer, and York, Phys. Rev. Rig 213 (1950). 
5 Carlson, Hooper, and King, Phil. Mae. 41, 701 (195 
6 Winckler, Stix, Dwight, and Sabin, Phys. Rev. 79, 6. oA (1950). 

7 Camerini, Fowler, Lock, and Muirhead, Phil. Mag. 41, 413 (1950). 





On the Half-Life of Actinium* 


J. M. HOLLANDER AND R. F. LEININGER 
Radiation Laboratory, University of California, Berkeley, California 
October 6, 1950 


HE half-life of Ac”? has not been established with certainty. 

The most widely quoted! values are 21.7 years* and 13.5 

years.* In the interest of resolving this discrepancy, we have fol- 

lowed the decay of a sample of actinium using the differential 

ionization chamber employed by Segré, Wiegand, and Leininger 

in the course of their studies** of the influence of chemical binding 
on the decay constant of Be’. 

The sample of actinium used in these measurements was pro- 
duced and separated in 1947 from pile irradiated radium at the 
Argonne National Laboratory. Because of its age, the actinium 
can safely be assumed to be in secular equilibrium with the 
daughter products in its decay chain. A second sample, kindly 
furnished us by F. Hagemann in January, 1950, has also been 
observed. This sample, however, has not yet reached equilibrium 
and will be followed further. At present, therefore, the results 
obtained with the older sample alone should be considered as 
preliminary. 

Determination of long periods by the differential technique 
rests upon the fact that during the course of the measurement 
N<1 and that the decay is essentially linear. By expansion of the 
exponential in the first-order decay law N(#)=N(O)e™ and re- 
tention of only the linear term, one has 


N()=N(0)—AN (0) 
or in terms of activities, 

A(0)—A(#)=A(0)N. 
One uses a sample of actinium of strength A,(é) balanced in ac- 
tivity as closely as possible with a Bureau of Standards radium 
source of strength A,(#) such that A,(0)=A,(0). Because of the 
constancy of the radium standard, A,(#)=A,(0)=A,(0). Thus, 
A,(t)—Az(t)=A,(0)M. Defining the quantity A,(#)—Az(é) as (2), 
the unbalance of the samples at time #, one has 

A= 68(#)/Az(0)-#. 

One must therefore measure 4(#) as a function of time. Provided 
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that A,(0) can be determined with comparable relative precision, 
the decay constant of the actinium can be found. 

Differential measurement enjoys several advantages over sepa- 
rate measurement of standard and unknown: measuring the 
samples at the same time and interchanging them minimizes 
systematic errors; the readings on the difference of the two ac- 
tivities are always small and with ionization chambers are much 
more convenient to take than readings on the activities; it is 
practical to use considerably stronger samples than for single 
readings. 

The differential chamber has been amply described by Segré 
and Wiegand.‘ 

Our measuring procedure was as follows. The actinium sample 
is placed in chamber 1 and the radium standard in chamber 2; the 
rate of drift of the galvanometer is then 


p=Az(t)Si1—Ar()S2, 


where S; and S: are the sensitivities of chambers 1 and 2, re- 
spectively, and are very nearly equal. When the samples are 
interchanged, the rate of drift becomes 


q=A,()Si— Az (4) Sa, 


b—q=[4:()— paella 
S— 26(t)-S 


8)2—(p—g)/2S. 
The initial rate of drift due to the actinium sample alone, a(0), 
is then measured. Since a(0)=Az(0)-S, 
: A(0)=a(0)/S. 
But we had from the decay law that 
t;=0.693A (0) -#/5(2). 
Substituting from above for 6(#) and A,(0), we obtain 
ty = —0.693 -a(0)/(p—g/2#). 

We have measured (/—g) over a period of about 100 days and 
have found (p—g)/t to be —0.05916+0.00020 (mm/sec.)/day. 
Also, the initial activity of the actinium sample, corrected for 
decay, was a(0) = 343.7+-2.9 mm/sec. 

From these data, the half-life of actinium is calculated to be 
22.0+-0.3 years, comparing favorably with the value offered by 
Curie and Bouissiéres. 


We wish to thank Professors E. Segré and I. Perlman for their 
helpful suggestions during the course of this ero 


from which 


* This work was performed under the auspices of the AE’ 
1G. T. Seaborg and I. Perlman, Rev. Mod. Phys. 20, 385. (194s). 
21, Curie and G. Bouissiéres, Cahiers phys., on ~~ (1944), 
‘. Meyer, e al., Rev. Mod. Phys. 3, 427 (193 

E, Segré and C. "Wiegand, Phys. Rev. 75, 3 DU 449), 
4 = andy Segré, and Wiegand, Phys. Rev. 76, 897 (1949). 





Large Angle Scattering of «--Mesons* 
H. BRADNER AND B. RANKIN 
Radiation Laboratory, University of California, Berkeley, California 
October 5, 1950 - 


N investigation is being made of the mean free path for 
large angle scattering and nuclear interaction of *~-mesons 
in G-5 emulsion. Mesons entering the edge of a plate with approxi- 
mately 38-Mev energy are identified by measurement of grain 
density versus small angle scattering. These mesons are then fol- 
lowed for several millimeters until they leave the 600 u-thick emul- 
sion or reach an energy of 30 Mev. In a scan of 568 cm of meson 
track the scatters tabulated in Table I have been observed. There 
were also five cases in which an energetic meson produced a star, 
and two cases in which a meson ended abruptly with no visible 
star or scatter. 
The average nuclear area for the elements in a G-5 emulsion is 
equivalent to a mean free path of 23 cm. Within the limits of the 
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TABLE I. Observed scattering for 20-40 Mev x--mesons in emulsion, 








Scattering angle <a energy (Mev) 





Horizontal Yy position By grain 
projection Actual No. events ~~ plate count (+5 Mev) 
5° 9,9° 1@46° 96 1@36.0 40 
10°-19.9° 29 @ 
20°-29,9° 1@30.5 2 1@35.0 35 
29° 36. 4.5 40 
30° 35 1 26.5 40 
40° 48 1 37.0 40 
47° 76 1 36.0 25 
108° 105 | 28.5 
119° 112 1 32.0 25 
143° 123 1 37.0 <20* 
158° 154 1 26.0 30 
171° 155 1 36.0 25 
178° 160 1 34.5 








* Definitely inelastic scattering. 


poor statistics it appears that the cross section for large angle 
scattering and star production of 20-38 Mev z~-mesons in emul- 
sion are each roughly equal to one-half of the nuclear area. The 
disappearance of mesons in flight may be. evidence for charge 
exchange scattering on a proton, although we cannot rule out the 
possibility that there was a star in which only a neutron was 
emitted, or a large angle scatter in which we were unable to follow 
the outgoing meson. 

Scatters less than 30° for 30 Mev z-mesons can certainly not be 
considered as “nuclear,” since either Coulomb scatter or decay 
in flight could result in nearly that angle. Grain density versus 
scattering measurements cannot distinguish with certainty be- 
tween a 7-scatter and a w-y-decay in our energy region. The mean 
free path for decay in flight is approximately 230 cm. A frequency 
plot of scatters between 5° and 30° is in agreement with single 
Coulomb scattering. 

Dr. G. Bernardini of Columbia University has kindly com- 
municated to us the prepublication results on a very similar ex- 
periment being performed on the Columbia cyclotron. The two 
experiments show a difference in relative numbers of stars versus 
scatters which seems to be outside of statistics. We believe that 
this is probably due to a difference in scanning techniques. Ber- 
nardini scans an area of plate looking for stars and scatters whereas 
we follow individual tracks to determine what happens to them. 

We wish to express our appreciation to O. Piccioni who origi- 
nally suggested the experiment, and to L. W. Alvarez for helpful 
discussion. Edith Goodwin has done much of the plate scanning. 


* This work was performed under the auspices of the AEC. 





The Branching Ratio of K*° Radioactive Decay 
Mark G. INGHRAM, HARRISON pao, CLAIR PATTERSON, 
AND Davip C. HEss 


Institute he Nuclear Studies and Argonne National Laboratory, 
icago, Illinois 
October 5, 1950 


HE ratio of K-capture to beta-emission for the naturally 
occurring radioactive isotope K* has been determined using 
the mass spectrometric isotopic dilution method.! In this method 
the amounts of the daughter isotopes A“ and Ca“ in a geologically 
old potassium sample are determined by addition of a known quan- 
tity of a tracer isotope of the element in question, and determining 
the element content of the ore from the resulting change in the 
isotopic composition of the tracer material. Previous measure- 
ments of the branching ratio have used counting techniques or 
age data to get the beta-decay rate, and counting techniques or 
argon extraction data to get the K-capture.*-7 
The sample used in this investigation was a 1 10*-year old 
KCl sample from the Stassfurt sylvite deposits. The sample was 
divided into four aliquots. Two were used for the A“ content and 
two for the Ca“ content. The agreement between the various runs 
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TABLE I. Measured isotopic ratios of argon. 











Sample Ato /A36 Ass /A36 
Tracer 1,172 +0.001 0.02242 +0.00002 
4.90 cm/cc. tracer 

+197.8 g sylvite 2.633 +0.002 0.02239 +0.00002 








indicate that the composition of the sample was constant within 
the errors of the experiment. 

The argon content was determined by placing 197.8 g of sylvite 
in a quartz furnace and evacuating at room temperature for 12 
hours. At this point 4.90 cc of tracer argon with an A*°/A* ratio 
of 1.172 was added to the volume and heating started. The tem- 
perature was held at 1050°C for one hour. At this temperature 
the KCl was refluxing vigorously. The gas over the molten sylvite 
was finally mixed by sorption and desorption from charcoal three 
times. The gases were then purified in a greaseless system. The 
purification train consisted of a CuO furnace at 400°C, a KOH 
trap, an Mg(ClO,)2 dryer and finally a calcium furnace. The gas 
was treated in the system to constant volume. The excess A” in 
this sample was then determined by the increase at the A* posi- 
tion as measured on a mass spectrometer. The results are shown 
in Table I. Within the limits of error of the A**/A** ratio shown 
in Table I there is no atmospheric argon in the sylvite. In order to 
check this more accurately the second aliquot of sylvite was 
run through the procedure without the addition of tracer material. 
The argon obtained was 99.0+-0.5 percent radiogenic. The chemi- 
cal purity of the tracer argon was determined by dilution of a 
known volume of the tracer material with a known volume of 
Linde spectroscopic argon, and measurement of the mixture ratio 
on the mass spectrometer. Combining the factors the A“ content 
of this particular sylvite sample is 0.360+-0.007 p.p.m. by weight. 

To measure the Ca*® content two samples containing 10.770 
and 8.849 g, respectively, of sylvite were used. To each was added 
a weighed quantity of the separated isotope Ca**, the purity of 
which was checked by dilution against normal CP calcium. The 
complete sample was then brought into solution to insure mixing. 
The first stage of chemical purification was fractional crystalliza- 
tion. After the KCl had been depleted by a factor of 10 the Ca 
was precipitated with oxalate*® and washed two times to reduce 
the potassium. It was then reprecipitated with oxalate and re- 
washed twice. The diluted Ca** was then compared with the 
tracer Ca‘* to determine the Ca“ content and the normal calcium 
content of the sylvite. The results are shown in Table II. From 
the change in the Ca“ peak the “normal” calcium impurity in the 
KCl was determined. The excess Ca over this impurity was 
2.82+0.02 p.p.m. in the first case and 2.87+0.03 p.p.m. in the 
second. 

Combining the above individually determined radiogenic A” 
and Ca“ contents gives the ratio of K-capture to beta as 0.1263 
+0.0027. Due to systematic errors we do not believe this result to 
be of the precision accuracy given, but it is believed the result is 
good to +4 percent. This error does not include errors due to 
possible loss of A*® or Ca* from the sample during geologic times. 
It can, however, be considered as a lower limit since any alteration 
would affect the A“ content more strongly than the Ca. The 
agreement of this value for the branching ratio with the most 
recent counting value of 0.136 determined by Sawyer and Wieden- 
beck’ indicates that leakage in this sample was not serious. It 


TABLE II. Measured isotopic ratios of calcium. 











Sample 40/48 44/48 
Ca‘’ spike 0.585 +0.001 0.02042 +0:00005 
91.57 Cats 
+8.849 g sylvite Ca 1.040 +0.002 0.02316 +0.00007 
91.57 Cat® 
+10,770 g sylvite Ca 1,157 40.003 0.02396 +0.00007 
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should be noted that this branching ratio is sufficient to account 
for the A® in the atmosphere. 

We wish to thank Professor W. W. Watson of Yale for supply- 
ing the A** tracer used in this experiment. The Ca* tracer was 
supplied from the Y-12 Plant of Oak Ridge on allocation from the 
Isotopes Division of the AEC. 


1J. H. Reynolds, Phys. Rev. 79, 789 (1950). 

2, Bleuler and M. Gabriel, Helv. Phys. Acta 20, 67 Seer. 
*L, 7 Borst and J. ¥ Ployd, Phys. Rev. 74, 989 (194 

4L. H. Ahrens and R. D. Evans, Phys. ee 74, 279 (1948), 

5H. E. Suess, Pas. Rev. 73, 1209 (1948 

6L. T, Aldrich and & + Nier, Phys. 74, on 6 (1948). 

7G. A, Sawyer and M. L. Wiedenbeck, Phys. Rev. 79, 490 (1950). 
8G. H. Ellis, Anal. Anal. Chem. 10, 112 (1938). 

*P. L. Kirk and E. G. Moberg, Anal, Chem. 5, 95 (1933). 





The Precision Determination of Some Half-Lives* 
JAMEs W. COBBLE AND R. W. ATTEBERRY 
Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 
October 5, 1950 


HE decay periods of several radioactive nuclides have been 
measured at this Laboratory using sources which were 
bombarded in the Oak Ridge National Laboratory pile and sub- 
sequently purified by ion-exchange column techniques using both 
cation and the new strong base anion exchangers. The activity 
was followed by a 42-geometry ionization chamber filled to 40 
atmos. with argon. This chamber was connected through a 
“vibrating reed” electrometer to a recording potentiometer which 
continuously records the imstantaneous value of the activity as a 
function of time. The instrument had been previously calibrated 
to determine the effects of ion-recombination, scale drift, etc. 
Such a procedure is of great advantage with the shorter periods, 
and the arrangement is capable of a very high precision. 
Results for four nuclides are given in Table I. 


TABLE I. Half-lives of nuclides. 











Isotope Ty (this research) Ty (previously recorded values) 
Na* 15.104-0.04 hr.* 14.840.1;> 15,04 40.060 
Cis 37.29 +0.04 min. 37.0 +0.3; ib 38.5 +0.54 
Br8? 35.87 +0.05 hr. 33.9 +0.3;¢ 36.0 +0.1! 
Tc% 4.20 +0,04 dayss 4.2+0.1;8 4.25 +0.05i 








*Errors estimated from me yy! in ote determinations. 

bS. N. Van Voorhis, ty , 889 (1936). 

¢ A. K. Solomon, Phys. Rev. 79, 403 (1950). 

4N. Hole and K. Siegbahn, Arkiv Mat., Astron. Fys., 33A, 9 (1946). 

: A. H. Snell, Phys. on 52, ty 4 £1937). 

{ E, Berne, Phys. Rev. 77, 568 (1950). 

« Sample prepared from a Mold. m) reaction; the larger error in this iso- 

tope iss is due to uncertainties in the subtraction of the longer-lived Tc®, 
E, Edwards and M. L. Pool, Phys. Rev. 69, 253 (1946). 
te. E. Boyd, private communication. 


In the case of Na* and Br®, this work confirms the longer 
periods recently reported (references c and f of Table I). 


* This document is based on work performed for the AEC at Oak Ridge 
National Laboratory. 





The Virial Theorem and the Variation Principle 


IRVIN ISENBERG 
Institute for the Study of Metals, University of Chicago, Chicago, Illinois 
October 9, 1950 


T has been called to the author’s attention that the theorem 

proven in a Letter to the Editor,’ under the above title, was 

originally proven by V. Fock.? The author regrets not being fa- 
miliar with this work prior to publication of the letter. 


, Phys. Rev. 79, 737 (1950). 
ts. f. Physik 63, 855 (1930). 


11, Isenber 
2V. Fock, 
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Note on the Inertia and Damping Constant of 
Ferromagnetic Domain Boundaries 
C. Kitte.* 


Bell Telephone Laboratories, Murray Hill, New Jersey 
October 5, 1950 


To Bloch wall is the transition layer separating adjacent 
ferromagnetic domains. In the presence of a magnetic field 
a free wall moves as if endowed with mass and as if retarded by 
damping forces. The effective mass of a moving Bloch wall was 
calculated by Déring,! and recently Becker* has given a simplified 
treatment leading to the same result. The associated damping 
effect in substances in which eddy current losses may be neglected 
was calculated by Landau and Lifschitz.* Both the inertial and 
damping effects have been observed experimentally,‘ and they 
play important roles in magnetization processes in the ferrites at 
high frequencies. 

The present letter generalizes the Déring equation in order to 
include the case where the intrinsic relaxation frequency of the 
substance is high; we then apply the device introduced by Becker 
to the Landau-Lifschitz problem, thereby greatly simplifying the 


calculation and giving insight into the physical mechanism of the — 


’ wall damping, and extend the calculation to cubic crystals. 
Becker noticed that the rotational motion of the local mag- 
netization which accompanies the uniform motion of a Bloch 
wall (with velocity v in the z-direction normal to the wall) may be 
described as caused by an effective field H,(z) such that the re- 
sulting precessional velocity dy(z)/dt is equal to the rotational 
velocity required by the motion. We have 


dy/dt= —v(dy/dz) =y*H,, (1) 


(y*?#=7+(0*/M), (2) 
where y=ge/2mc, and the relaxation frequency d is defined by 
Eq. (5) below; the relaxation frequency may be estimated from 
the line width in a microwave resonance experiment. Déring and 
Becker write y instead of +* in Eq. (1), and in this sense our equa- 
tion is more general. The kinetic energy of the wall is given by 
the field energy, so that, per unit area, 


bo=0—o0=(1/8n) { H2ds=(0/8ry") [ (dy/ds)'ds, (3) 


oo being the surface energy of the wall at rest. Now {(dy/dz)*dz 
occurs in the elementary theory of the Bloch wallé and is in fact 
equal to oo/2A, A being the usual exchange factor. The general- 
ization of the Déring result follows dierctly: 


bo = at*/16ry**A. (4) 


In calculating the damping effects we start from the equation 
of motion for the magnetization: 


dM/dt=~M X H—)[(H- M)M/M?—H], (5) 


where is the relaxation frequency. The power dissipation per 
unit volume is H-(dM/dt)=)H 2, so that the power per unit area 
which must be supplied to keep the spins in uniform motion is 


fLH-(M/d)ds=> [" H3ds=8ed(60)=Prao/2y"A. (6) 


The power supplied by the constant external field Hp which 
drives the wall along is 2H)M,.v per unit area; we equate this to 
the dissipation, and find the result 


o=4(y2M 2-+2*)A Ho/AM wo. (7) 


Now for a wall parallel to the axis of a uniaxial crystal o9=4(A Ky’)$ 
=4AA, where A=(A/K,’)! is the usual wall thickness parameter, 
so that in this case uniaxial = (y*?M.2+)*)AH0/AM,, which is ex- 
actly the Landau-Lifschitz result. Our Eq. (7) applies however 
to plane walls in general. For a 180° wall in an (001) plane of a 
cubic crystal, oo=2(AK1)!, so that 0001) =2(y7M 2+) AH/AM,, 
where A=(A/K;)}. 

It should be noted that any result involving d is in general no 


with 
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better than Eq. (5) defining \ in a phenomenological way; the 
applicability of this equation is by no means assured by existing 
microwave resonance results. 

I wish to thank Dr. J. K. Galt and Dr. Conyers Herring for a 
helpful conversation. 


* Present address: Department of Physics, University of California, 
Berkeley, California. 
1W. Doring, Z. Naturforsch. 3, 373 (1948). 
2R. Becker, ees of the Grenoble Conference, July, 1950. 
sL. ee and E. Lifschitz, Physik. Z. Sowjetunion 8, 153-169 Agee). 
4G, T. Rado, R. W. Wright, an -_ H, Emerson, Phys. Rev., to be 
published; a discussion of other «lec is given by C. Kittel, Pr 
of the Grenoble Conference, July, 1950. 
sen ae. for example, C. Kittel, Rev. Mod. Phys. 21, 541 (1949); ibid., pp. 





Radiative Capture of Neutrons in Deuterium 


B. B. KINSEY AND G. A. BARTHOLOMEW 


Division of Atomic Beare, National Research Council of Canada. 
Chalk River, Ontario, Canada 


October 9, 1950 


N a study of the y-rays produced in the reacting vessel of the 
heavy water pile at this laboratory we have found only two 
strong peaks in the coincidence spectrum of our pair spectrometer. 
These peaks are superposed on a continuous unresolved back- 
ground. One of these, corresponding to a y-ray with an energy of 
7.72 Mev, is due to the capture of neutrons in aluminum. The 
‘other peak is shown by the full line (A) in Fig. 1, where the coin- 
cidence counting rate is plotted against the energy. It is produced 
by a y-ray with an energy of 6.244+0.008 Mev. This y-ray is 
attributed to the capture of neutrons by deuterium for, as shown 
below, its energy is very close to the expected binding energy of 
the triton and its intensity has the value expected. The continuous 
background is due to uranium and to the other constituents of the 
pile. The only materials which are likely to produce a strong peak 
superposed on this background are those which, like Cu, Al, etc., 
emit very intense homogeneous y-rays. We have found very few 
such elements and none of these emit a y-ray at 6.24 Mev. 

We have made a rough estimate of the relative peak coincidence 
counting rates of the 6.2 and 7.7 Mev-y-rays to be expected if the 
former is due to capture in deuterium. In this calculation we have 
taken into account the geometry of the pile and measurements of 
the distribution of neutron flux near the periphery of the reactor. 
No excited states are known in H® and we assume therefore that 





, 6.2444 0.008 
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Fic. (A) Coincidence spectrum of the y-rays produced by the heavy 
water ile near 6,2 Mev. (B) Pile radiation with aluminum spectrum sub- 
(C) Contribution to the spectrum due to pure aluminum. 
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one y-ray only is produced per capture. Neglecting the capture 
cross section of oxygen we assume further that the cross section of 
deuterium is one-half of that obtained by Sargent and his col- 
laborators! for the D.O molecule (0.92 mb). For the cross section 
of aluminum we use the value 220 mb. From our measurements 
of the capture y-ray spectrum of aluminum? we find that the 
7.72-Mev y-ray is radiated in 40 percent of the captures in that 
element. With these figures we find that the peak coincidence 
counting rate of the deuterium y-ray should be about 0.07 of 
that of the 7.72 Mev aluminum y-ray. The ratio observed was 
0.08. The agreement is good but it may be accidental for such a 
calculation is difficult to make with precision. The error might 
amount to 30 percent. 

In our method of measurement the energy of the y-ray is deter- 
mined from the end point of the coincidence peak. Near 6.2 Mev 
it seemed possible that the shape of the peak produced by that 
y-ray was modified and the position of its end point was shifted 
by the presence of -y-rays produced by aluminum in the pile. To 
examine this possibility we have studied the spectrum produced 
by pure aluminum using the same resolving power. A part of this 
spectrum is shown by curve C in Fig. 1. The ordinates of this 
curve have been adjusted so that the peak coincidence counting 
rate for the 7.72-Mev aluminum y-ray is equal to that produced 
by ‘the aluminum in the pile. The difference between the two 
curves, given as curve B in Fig. 1, represents the contribution to 
the pile spectrum produced by neutron capture in deuterium and 
other constituents. It is clear that this subtraction does not shift 
the end point of the 6.2-Mev peak. 

The binding energy of the triton, obtained by adding the recoil 
energy of that nucleus to the y-ray energy, is 6.251+0.008 Mev. 
This result is in good agreement with the binding energy obtained 
from disintegration data. According to Tollestrup, Fowler, and 
Lauritsen’ the best value of the Q of the reaction D*(d, p)T® is 
4.032 +0.022 Mev. Adding to this the binding energy of the 
deuteron, 2.230+-0.007 Mev the binding energy of the triton is 
6.262 +0.023 Mev. 

1Sargent, Booker, Cavanagh, Hereward, and Niemi, Can. J. Research 
A25, 134 (1947). 

? The details of this spectrum will be published shortly. 


3 Tollestrup, Fowler, and Lauritsen, Phys. Rev. 78, 373 oe 
4R. E, Bell and L. G. Elliott, Phys. Rev. 79, 282 (19. 





Pressure Dependence of Resistance of Germanium* 


Juttus H. Taytort. 


Randal Morgan mae of Physics, University of Pennsyloania, 
Philadelphia, Pennsylvania 


September 22, 1950 


N intrinsic semiconductor may exhibit a relatively large 
change in electrical resistivity with hydrostatic pressure due 
to the change in band structure which accompanies a compression 
of the lattice; the concomitant changes in Debye temperature and 
electron mass produce relatively small effects upon the resistivity. 
In germanium the application of hydrostatic pressure increases 
the forbidden band width, decreases the number of free holes and 
electrons and hence increases the resistivity. 

The equations connecting the change in resistivity Ap with the 
change in energy gap AEg may be derived in the following way. 
It is known that the product of the electron concentration m, and 
hole concentration m, remains constant for fixed temperature and 

pressure as the concentration of impurity atoms is varied: 


(1) 
If one considers the dependence on gap width and temperature, 


nemn=C’ exp(—Ee/kT), (2) 
C! =4(2emkT /h*)*(mem,/m*)!, 


where m, and m, are the masses of electrons and holes respectively, 


nn,= C*. 


TY NTE 


ee ne mens 


THE EDITOR 919 


TABLE I. Summary of experimental data and calculation. 














(Ap/p) (4e/e) pure (4p/p)300°K 
105 Correc- 105 105 Weight 
= (per Ppure/ tion (per (per used in 
Sample °K atmos.) fobs factor atmos.) atmos.) average 
A 475* 2.1 2.5 5.3 11.1 18.0 1 
B 297 1.5 3.4 9.6 14.4 14.3 0 
352 5.5 1.25 1,44 7.9 9.3 2 
373 7.0 1.1 1.18 8.2 10.2 3 
413 6.9 1 1.00 6.9 9.5 5 
428 7.0 1 1,00 7.00 10.0 5 
¢ 299 1.7 6.0 
352 4.1 1.6 2.22 9.1 10.8 2 
413 7.7 1 1,00 tal 10.6 5 
428 7.3 1 1,00 7.3 10.4 5 
D 361* 1.6 2.4 4.8 7.7 9.3 1 
413 a 1.15 1,25 6.9 9.5 2 
428 6.2 1.05 1.1 6.8 9.7 3 
Weighted average 10.2 : 








* Measurements taken at peak of resistivity. 


and the other symbols have their usual meaning. The resistivity 
is given in terms of the mobilities u, and ua by 


1/p=e( Mette t+ Mra). (3) 


If one assumes that only Eg changes with hydrostatic pressure 
and that the number of impurity atoms which are ionized is con- 
stant, then at constant temperature 


(Ap/p) = (uetun)nemnbEG/ (tet) (Meet mnun)kT. (4) 


This equation is very simple for the case of an intrinsic semi- 
conductor (for which ,=n,=C): 


(Ap/p) pure= AEG /2kT ; (5) 


but, as it is often necessary to make pressure measurements at 
temperatures below the intrinsic range owing to the impurity 
content of the material, the general form of Eq. (4) must be re- 
tained. However, it may be expressed in terms of more convenient 
parameters by letting c=,./py, and x=C/n,, so that 


(Ap/p) =27(¢-+- 1AEG/(x?+-¢) (2+ 1) kT. (6) 


The value of ¢ is assumed to be 1.5 and x is determined from re- 
sistivity measurements which may be easily extended well into 
the intrinsic temperature range if the material is reasonably pure. 
Thus, at any given temperature at which Ap/p is observed the 
ratio 


Ppure/p = (¢-+2*) /[x(c+1) ] (7) 


may be used to calculate the corresponding value of x and hence 
to obtain (Ap/p) pure from Eqs. (5) and (6). Here, ppure refers to the 
resistivity value obtained by extrapolation from high (intrinsic) 
temperature measurements to the temperature at which the pres- 
sure measurements are made. If the samples are inhomogeneous 
with regard to distribution of impurity atoms, the correction 
factor of Eq. (6) is too large. Consequently, observations requir- 
ing large correction factors have been weighted lightly in ob- 
taining the average. The values (Ap/p) pure computed from observa- 
tions taken at different temperatures have been reduced by an 
inverse temperature factor to values at 300°K for purposes of 
intercomparison ; this reduction is based on Eq. (4) and the further 
assumption that AE@/AP is independent of pressure and tem- 
perature. 

The experimental observations were taken on germanium 
samples of high purity enclosed in a steel tube which was sub- 
merged in a boiling liquid to keep the temperature constant to 
about 0.01°C. Pressures up to 4500 lb/in.* were applied to the 
sample through silicone oil which completely filled the tube; glass 
wool inside the tube and an auxiliary heater at the top of the tube 
were used to prevent circulation of the oil. The results of the meas- 
urements and calculations are shown in Table I. A weighted 
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average (Ap/p) pure= 10.2+-0.4 10-5/atmos. was obtained for the 
pressure coefficient of resistance of germanium at 300°K. Assum- 
ing a compressibility 1.4 10~*/atmos. and a coefficient of linear 
expansion 8X10-*/°C leads to a value AEg/AT=—0.87 X10 
ev/°C. 

This result is, with one exception, in excellent agreement with 
calculations from other experiments. Shockley and Bardeen! found 
for this constant the value —0.910~ ev/°C using data on the 
mobilities of holes and electrons; their result is proportional to 
m,*'*, Johnson and Fan? have estimated from data on the tem- 
perature dependence of the Hall effect a value —1.1X10~ ev/°C. 
Correction of this result by subtraction of the contribution of the 
lattice vibrations computed by Fan® leads to the value —1.0 
X10~ ev/°C for the contribution of the volume effect alone. Only 
the latter value is comparable to the results of the pressure meas- 
urements; the uncorrected result of Johnson and Fan, which 
depends on (m,m,)*/*, includes both the volume effect and the 
change in lattice vibrations which accompany a change in tem- 
perature. Fan,‘ using data from optical absorption measurements 
found the quite different value —4.0< 10~ ev/°C. 

* This work was supported by the BuShips. A more extended account 
will be found in Technical Report No. 22, copies of which can be obtained 
by addressing P. H. Miller, Randall Morgan Laboratory. 

t+ Now at Morgan State University, Baltimore, Maryland. 

1W. Shockley and J. Bardeen, Phys. Rev. 77, 407 (1950). 

2V. A. Johnson and H. Y. Fan, Phys. Rev. 79, 899 (1950). 

8H. Y. Fan, Proceedings of Conference on Properties of Semiconducting 


Materials (Butterworth’s Scientific Publications, Ltd., London, 1951). 
4H. Y. Fan, Phys. Rev. 78, 808 (1950). 





Penetrating Showers of Cosmic Rays 
ANDRE G. VOoISIN* 


Division of Physics, National Research Council of Canada, Ottawa, Canada 
October 9, 1950 


N experiment has been carried out at sea level in which the 
relative penetration of local penetrating showers was in- 
vestigated as a function of their lateral spread. Figure 1 shows 
the experimental arrangement of the counters and lead absorbers. 
The figure is drawn to scale except that the upper absorber P, 
was 35 cm thick. The counters M were connected in fivefold co- 
incidence. The analyzer counters Ai, Az, Bi, Bs, Ci, C2, each 
connected in coincidence with the fivefold coincidence M, in- 
dicated the lateral spread of the showers of which the range was 
measured by coincidence with K and L. This arrangement of co- 
incidences reduces the error due to secondaries from a single meson 
to 6 percent or less. To discharge one of the analyzer counters in 
coincidence with M, a single meson would have to produce at least 
three successive knock-on electrons. The group of counters S 
allowed the discrimination between local showers and Auger 
showers. 
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Fic. 1. Arrangement of the counters and lead absorber. 
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Tanz I. a lateral spread gives the separation in number of counters 
between the most remote pe of the showers. 











Lateral spread 2 3 4 5 6 7 
Showers per hour 
stopped in Q@i=5.cm Pb 0.022 0.026 0.022 0 0 0 
stopped inQ@2=5em Pb 0.017 0.017 0.013 0.013 0.009 0 
penetrating Q:+Q2 ~ 0.043 0.061 gr 0.048 0.030 0.069 
Total rate (per hour) 0.082 0.1 0.039 0.069 


0.104 0.061 
0.018 =+0.021 10.022 0.016 +0.013 +0: 


Stopped FO <100 48% 41% «31% «=: BHO 


o 
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The results indicate that the most penetrating showers are the 
most divergent. It can be seen from Table I that nearly 50 percent 
of the narrower showers are stopped in the absorber Q:+Q2=10 
cm. Pb, whereas most of the larger showers include particles which 
can penetrate these absorbers. This unexpected result, however, is 
not inconsistent with the theoretical calculations of Peyrou, 
d’Espagnat, and Leprince-Ringuet.! Figure 2 also shows that the 
relative range of the showers is increasing with their divergence. 











7 
7 
é e e 
™ 600r 
é Fo oe 
s 7 
7d 7 
7 
[ , 
7 
0G a 
4 
z <<” 
7 
& 7 
7 
y : 
7 
_ e 
3 rd 
of 3 4 5 6 7 
LATERAL SPREAD IN NUMBER OF COUNTERS 











Fic, 2, Relative range of the showers for various lateral spreads. 


Though the experiment was not originally designed for the 
accurate measurement of the angular width of showers, an esti- 
mate of this can be made. The point of origin of the shower is not 
indicated by the counter arrangement, but assuming this to be 
within 5 cm from the top of the upper absorber, P; (this distance 
corresponds to a cross section of the same order as the geometrical 
cross section of the nucleus?) the measurements indicate that the 
average angular spread is represented by a cone having a half 
angle of 15°. Walker* has shown that the directional distribution 
of primary particles producing penetrating showers varies rapidly 
with zenith angle. It is assumed, therefore, that most of the 
showers defined by the fivefold coincidence M are produced by 
primaries in a vertical direction and the angular spread may be 
referred to the direction of the primary. 

The number of analyzer counters Ai, ---, C2 discharged per 
shower gives a lower limit of the multiplicity. It is found that the 
multiplicity averages at least 3.7 penetrating particles per shower. 

A more extensive account of these experiments is being prepared 
for publication. 

The author would like to thank the National Research Council 
of Canada for the use of the laboratory facilities and Dr. A. Rogo- 
zinski and Dr. D. C. Rose for their assistance and suggestions. 

* Attaché de recherches au Centre National de la Recherche Scientifique, 
Paris. Holder of a National Research Council postdoctorate fellowship. 

1B. d'Espagnat and Ch. Peyrou, Comptes Rendus 228, 674 (1949); 
Noone a’Espagnat, and Leprince-Ringuet, Comptes Rendus 228, 1777 


*L. Janossy and Broadbent, Nature i, 142/| (1945). 
W. D. Walker, Phys. Rev. 77, 686 (1950). 
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High Energy Neutron Scattering by Nuclei* 
SIMON PASTERNACK AND HARTLAND S. SNYDER 


Brookhaven National Laboratory, Long Island, New York 
October 9, 1950 


HE so-called transparent model! of a nucleus seems to be a 

useful model in treating the scattering of 90-Mev neutrons 

by nuclei, since the nuclear radii fitted from experiment by this 

model agree well with an A! law.? However, the calculated differen- 

tial scattering cross sections deviate somewhat from the experi- 

mental observations,’ the latter being 10 to 20 percent higher at 
low scattering angles. 

The differential scattering calculations for the transparent 
model were made by assuming the nucleus to be representable by 
a square well with potential 30.8 Mev, plus absorption, leading 
in the classical (W.K.B.) approximation to a sphere with a com- 
plex constant index of refraction. The angular distribution ampli- 
tude was found to be 


HO) =h f." (1—expl(—K-+2ih)(R —p*)*]) Jol sind)odp, 


where & is the neutron wave number, K is the absorption coeffi- 
cient, and k:/k the real part of the index of refraction. This 
integral was evaluated by converting it to a sum of approximately 
kR terms. 

The integral for f(6) can be evaluated by means of a series 
representation due to Van de Hulst,‘ viz., 


t() =ae{ 2) — Feet —iw) 


_ Jo(z) 1-32J,(z) _ 1-3-522J2(z) 
beg? pt + p* --+f, 


p=(2k:+iK)R; z=kRsind; w=(p?+2%)8. 


This series for f(@) is particularly useful for large mass nuclei and 
for high energies, for which kR (the approximate number of terms 
in the summation method) is large. Van de Hulst derived this 
formula by a double series expansion of f(6) in powers of z and p. 
A simpler proof can be obtained by writing 


(0) = BR [I()/s}+4(0/09) J," e*P.Fas siny sind}. 
If we define 


a7 : 
Ta= Jr Tals sinn)e'°%" sinydy/(s siny)*, 
then integration by parts yields 
n= (e/2"nlip) —[J n(2)/2"ip ]+-22°9I n41/Ap*. 


Repeated integrations by parts yield the series for f(8). 

Since the complex constant index of refraction is equivalent to 
the assumption of a square well with a complex constant poten- 
tial, it was considered desirable to check the validity of the classical 
approximation by making an exact partial wave analysis for the 
complex square well, using the corresponding values of the pa- 
rameters. This was done for aluminum, the results being shown in 
Fig. 1. The circles represent the experimental points of Bratenahl, 
@ al., the dotted line the values of o(@) calculated using the classi- 
cal approximation, and the solid line the values of o(@) calculated 
by means of the exact partial wave analysis. It is seen that the 
apparent deviations from experiment are at least partly due to the 
calculational method rather than to the use of the complex square 
well model. 

The calculated scattering and absorption cross sections differ 
somewhat from those obtained with the classical approximation. 
The scattering cross section becomes 0.83 instead of 0.75 barn, 
and the absorption cross section is 0.45 instead of 0.36 barn. 
To make a closer comparison of the calculated differential scatter- 
ing cross section with the experimental results, it would be neces- 
sary first to adjust the complex potential parameters to fit the 
experimentally determined scattering and absorption cross"sec- 
tions. 





where 
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Fic, 1. Comparison of experimental differential scattering cross sections 
— lo calculated from transparent model theory, in units of per 
st lan, 


The phase shifts calculated by the exact partial wave analysis 
deviate considerably from those obtained by the W.K.B. method.? 
The latter gives, for aluminum, 


51= (1.35+-0.452%) {1—(7-+-4)*/73.1}4 IS8 
I>8. 


=0 


The former method yields the following phase shifts for aluminum 
(for 1=0, 1, 2, ---): 1.294-0.387, 1.44+-0.567, 1.20+0.40:, 1.36 
+0.402, 1.12+0.492, 1.01+0.297, 1.11+-0.322, 0.85+-0.477, 0.27 
+0.197, 0.065+0.0257, 0.012+-0.005z, 0.002+-0.0013, etc. 

We would like to express our appreciation to Richard J. Weiss 
for some helpful discussion, and te William Donoghue, Theresa 
Danielson, and Dale Meyer for performing the numerical work. 

* Research carried out under contract with AEC. 

1R, Serber, Phys. Rev. 72, 1114 (1947). 


2 Fernbach, Serber, and Taylor, Phys. Rev. 75, 1352 (1949). 
* Bratenahl, Fernbach, Hildebrand, Leith, and Moyer, Phys. Rev. 77, 


597 wie 
4H. C. Van de Hulst, Recherches Astronomiques de l’Observatoire 
d’ Utrecht att Part 1 (1946). 





Penetrating Showers from Lithium* 
W. B. FRETTERT 


Department of Physics, University of California, Berkeley, California 
October 6, 1950 


HE analysis of penetrating showers originating in heavy 
elements is complicated by the possibility that more than 
one collision may occur inside a single nucleus. Thus, it is difficult 
to determine whether a number of mesons can be created in a 
single nucleon-nucleon collision from the data obtained on pene- 
trating showers in lead, gold, aluminum, or even carbon. Hydrogen 
would be ideal as a generator, but the obvious experimental diffi- 
culties have led us to try lithium first. 

A block of sodium-free lithium 6 inches thick, 5 inches wide, 
and 16 inches long was placed over a cloud chamber previously 
used in penetrating shower investigations.! Lead plates in the 
chamber served to analyze the showers produced in the lithium. 

Fourteen showers appeared to have originated in the lithium 
block and have been analyzed. Origin in the lithium was deter- 
mined by tracing the paths of the particles observed in the upper 
section of the chamber to see whether they came from a common 
point. This was done on a large print of the photograph in ques- 
tion and by re-projecting the stereoscopic pictures through the 
original camera. 

The lithium was encased in a tin-coated steel can of #-inch 
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TABLE I. Multiplicity of penetrating showers from lithium. 











Charged particles Identified Electron showers 

traceable to point penetrating starting from 

Event no of origin particles first lead plate 
37250 10 3 >3 
37260 2 2 1 
37370 2 2 3 
37737 2 2 0 
38287 10 5 >2 
8340 13 10 6 
38459 4 4 2 
39514 12 7 4 
40173 2 2 0 
40514 5 4 0 
40971 6 6 0 
41596 4 3 2 
41804 7 5 3 
42586 7 5 >2 








thickness and the top of the cloud chamber was made of }-inch 
Dural. About 15 events originating above the chamber were re- 
jected because they appeared to come from the aluminum, the 
steel, or the counters, or were too close to the edge of the lithium. 
Any event that appeared to originate within one centimeter of 
the edge of the lithium was rejected. 

The results of the analysis are given in Table I. In the large 
events the total number of charged particles traceable to the point 
of origin may be underestimated by one or two, but probably 
not more than this. Penetrating particles were identified by their 
passage through two }-inch lead plates without interaction. In 
several cases the number of penetrating particles given is probably 
much lower than the true value because of the difficulty in analyz- 
ing the complicated events after the electron showers started in 
the first lead plate. 

The size of the showers observed is certainly influenced by the 
counter and cloud-chamber arrangement. The chamber was 
tripped when one and only one of the five one-inch counters above 
the lithium discharged in coincidence with two 2-inch counters 
below the chamber covered by } inch of lead and separated by one 
inch of lead. There was a total of 54 inches of lead in the chamber. 
The apparatus was located at Berkeley and the counting rate for 
lithium showers was about three per month. The largest shower 
observed (event No. 38340) was not an exceptionally high-energy 
event, judging from the lack of high energy electronic radiation 
that usually orginates in high energy nuclear events. 

The maximum number of nucleon-nucleon interactions that 
can occur within a single nucleus of lithium is seven. If a single 
charged meson is produced in each interaction,? one can imagine 
on the most extreme assumptions of the plural production theory 
that 4 negative mesons, 3 positive mesons, and 5 protons could 
emerge, a total of 12 charged particles. No provision is made in 
this for neutral mesons. In event No. 38340 the above extremely 
unlikely event could not explain the number of charged particles 
observed, even omitting the electron showers presumably caused 
by the decay of neutral mesons into gamma-rays. 

Several of the other showers have multiplicities of charged 
particles which are too large to be explained by a single interaction 
under the plural theory. If multiple interactions occur fairly fre- 
quently in an element as light as lithium, they must be extremely 
common in lead; and one might expect that in lead an incoming 
nucleon would nearly always dissipate all of its energy in one 
nucleus. Observations of successive events in cloud chambers' 
and with counters* contradict this idea. 

If mesons are produced multiply, even with very small multi- 
plicities of perhaps 2 to 5 per collision, the large lithium showers 
would be easily explained. Successive eVents within the same 
nucleus very likely occur, but it seems necessary to allow at least 
a small multiplicity to explain the lithium showers. 

* Assisted by the joint program of the ONR and AEC. 

ft Reported at the Mexico City Meeting of the American Physical Society, 
June 22, 1950. 

1W. B. + omg rive, Rev. * by ise). 


2W. Heitler and ron Rie ys. Soc. London 62, 669 (1949). 
§ Cocconi, Re ba Fgree idcoff, ag Rev. 79, 768 (1950). 
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Two Comments on the Limits of Validity of the 
P. R. Weiss Theory of Ferromagnetism 
P. W. ANDERSON 


Bell Telephone Laboratories, Murray Hill, New Jersey 
October 6, 1950 


SHOULD like to make two comments on the P. R. Weiss 

theory of ferromagnetism.' I should emphasize that these 
comments are literally indications of the limits of validity of this 
theory, and do not detract much from the main (and very con- 
siderable) achievements of the Weiss method, which has recently 
found gratifying confirmation in the work of Zehler.? 

The first comment is a very simple one. In spite of the fact 
that until now the criteria of the Bloch spin-wave*® and Weiss 
theories have agreed in giving ferromagnetism in precisely the 
same lattice structures and no others, a cursory glance tells one 
that these criteria are in principle very different. The Bloch 
criterion is merely that the lattice be three-dimensional ; the Weiss 
criterion, however, is that the nearest neighbors of a given atom 
have certain topological—not spatial—relations to each other and 
to the central atom. That is, it involves counting the number of 
nearest neighbors, finding the nearest neighbor relationships 
among these, and similar purely topological considerations, which 
without explicit proof or disproof do not seem to have anything 
to do with the dimensionality of the lattice. For instance, if no 
nearest neighbors are nearest neighbors of each other, all that is 
required in the Weiss theory is that there be six or more nearest 
neighbors. A counter-example which shows the non-equivalence 
of the two criteria is the diamond lattice with nearest-neighbor 
spin interaction. In this lattice each atom has only four nearest 
neighbors, so it would not be ferromagnetic according to Weiss, 
although it would be ferromagnetic according to Bloch, since it 
is three-dimensional. Since the Bloch theory is rigorous in its low- 
temperature domain of applicability, this seems to indicate that 
the Weiss theory criterion is not always correct. 

The second comment shall be stated primarily in the form of 
results. It is found that at sufficiently low temperatures, for all 
lattices, ferromagnetism is no longer present in the Weiss theory; 
and thus at some low temperature there must be an “anti-Curie 
point” below which ferromagnetism vanishes. This is true in the 
Weiss theory in spite of the fact that it is not true for the non- 
quantum-mechanical Ising model of Peierls and Bethe upon 
which it is based, and indeed the effect can be traced to a specifi- 
cally quantum-mechanical cause. 

In either case at very low temperatures, only the very lowest 
state of the Bethe “cluster” of an atom and its neighbors is ap- 
preciably populated. However, this state is aligned completely, 
and thus the moment mp of the central atom is rigorously equal to 
that (m,) of a boundary atom; and to find the result of the con- 
sistency condition mo=m,, we must appeal to higher order effects.5 
In the Ising case‘ the only such effect is thermal excitation of the 
next higher level, which leads easily to mo>m; at very low order- 
ing fields Hi, but to m:>mp at high fields. Thus, m,= mp is cer- 
tainly satisfied for a finite intermediate field Hi, at low tem- 
peratures. 

In the quantum-mechanical problem, however, there is a new 
effect, of exponentially [exp(J/kT)] greater magnitude than 
thermal excitation at low enough temperatures: the second-order 
perturbation of the cluster levels due to the ordering field H. It 
is easily shown that this effect has the wrong sign at low fields 
Ai, giving m:>mo; and thus, since m;>mp always at high fields, 
we have no crossing point m,(H1)=mo(H;) and no ordering field 
or ferromagnetism. Actual computations have been carried out 
using the formulas (30, 36, and 37) of reference 1, and it is found 
that an anti-Curie point (for the simple cubic lattice) can be 
located at kT =0.269J. (J is the exchange integral.) This is at a 
temperature one-seventh of that of Weiss’ computed “true” 
Curie point T.; however, it is clear from other computations made 
that Weiss’ method fails completely at temperatures lower than 
4T.. 
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The reason for this failure is clear. The small dimensions of the 
cluster exclude the low energy spin-wave states, which are all- 
important in ferromagnetic behavior at low temperatures. If it 
were possible to increase the cluster size, these states would come 
in in increasing numbers and the “anti-Curie point” would move 
to lower and lower temperatures. 


It is not possible to draw many conclusions from this work as. 


to the validity of Weiss’ method at or near the Curie point. It 
does seem that the differences between quantum and Ising ferro- 
magnetism are not entirely summed up in the concept of spin 
waves. We may also conclude that the Weiss method is probably 
a somewhat worse approximation to the true statistical problem 
than the Bethe method is to its corresponding Ising model problem. 

1P, R. Weiss, Phys. ney. ‘74, 1492 (1948). 

2V. Zehler, Zeits. f. Naturforsch. oe Be. 344 (1950). 

*F. Bloch, Zeits. f. Physik 61, 206 


1930). 
4H. A, Bethe, Proc. Roy. Soc. A150, 552 esata 
5 We borrow all notation from reference 1 





Two-Fluid Theory of Liquid Helium II below 1°K 
S. NAKAJIMA AND M. SHIMIzU 


Physical Institute, Nagoya University, Nagoya, Japan 
October 6, 1950 


ECENTLY, Usui! has developed the general formalism of 

the two-fluid theory of liquid He II, avoiding ingeniously 

the use of the Tisza’s relation, p,/p=s/s,, the role of which has 

been critically discussed by us* in connection with the second- 

sound velocity? below 1°K. We are now applying the general 

formalism to the construction of the two-fluid theory below 1°K. 
New results obtained are as follows. 

Usui has assumed that the two fluid components are always in 
local equilibrium, the normal fluid concentration, x=p,/p, being 
a function of the pressure and temperature determined by the 
condition of minimum Gibbs free energy. Thus, we may use the 
total density, p, and the concentration, x, as the independent 
thermodynamic variables. The entropy per unit mass, s, is re- 
garded as the function of p and x. Usui has shown that the en- 
tropy flow is given by 


psVi+(8s/8x) ppn(Vn— Vi), (1) 
where V;, is the velocity of the center of gravity. He has obtained 


the generalized expressions for the fountain pressure and the 
second-sound velocity, respectively, as follows: 


x(ds/dx), gradT (2) 


C?=x(1—x)(ds/dx),(dT /dx) ». (3) 
The latter expression is not identical with that used by Landau,‘ 
as we predicted in our previous report.? C; calculated on the basis 
of Landau’s model by means of Eq. (3) is shown by curve II in 
Fig. 1. 
Now, following Tisza’s idea,® we extend the two fluid theory to 
include the phonon entropy: 


and 


$=Hx+Spn. (4) 
The entropy flow, Eq. (1), then takes the form 
(\+(Spn/8x) p)pnVn+(Spr—X(Spn/d2)p)pVi. (S) 


Even in the limiting case of the extremely narrow capillary 
(V,—0), the phonon entropy is transferred by the superfluid flow. 
Accordingly the experimental evidence proved by Kapitza® and, 
therefore, H. London’s expression for the fountain pressure should 
be invalid below 1°K, as we have suggested previously.? 

In order to calculate C; by means of Eqs. (3) and (4), one needs 
the expressions for x, 5, and Spr. x would be determined by the 
analysis of the viscosity measurement and the proportionality 
relation between the fountain pressure and heat current.’? The 
available data, however, are lacking at present. If we assume that 
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x=(T/T,)*, the second-sound velocity has a non-zero or infinite 
value as T—0, only when r=4. The preliminary result of the cal- 
culation is shown by curve III in Fig. 1, where we have used the 
following values: s,=0.397 cal./g-deg., r=6, and sSpn=0.75 
X10-°T? cal./g-deg. The calculated C; has a minimum and in- 
creases as the temperature decreases. C2 increases too rapidly in 
Landau’s model and too slowly in Tisza’s model in comparison 
with the experimental results. 

At any rate, we may say that one should not decide on the su- 
periority of Landau’s theory from the analysis of the second-sound 
velocity alone. In our opinion, the generalized model of Tisza, 
Eq. (4), has the advantage that it can be connected easily with 
Bose-Einstein statistics by the idea of B-E liquid. The detailed 
discussion will appear in the forthcoming paper. 

One of us has enjoyed stimulating discussions with Associate 
Professor T. Usui at the University of Tokyo. 

1T. Usui, unpublished paper 

+S. Nakajima and M. himizu, Prog. Theor. Phys., on he published. 

R. Pellam and R. * Scott, Phys. a 76, 869 (1949); R D. Maurer 


$j. 

and M. A. Herlin, Phys. Rev. 76, 948 (194 
4L, Landau, J. Phys. a 2 a sat. 
5 L. Tisza, Phys. Rev. 72, 838 (194 

oP. Kapitza, hys. Rev. ‘60, 354 “oat > 

7C. J. Gorter and J. H. Mellink, oy 15, 285 (1949); Nakajima, 


Tomita, and Usui, Phys. Rev. 78, 768 ( 





A 1.7X10-*-Sec. Isomeric State in gsEr'* 
F. K. McGowan 


Oak Ridge National Laboratory,* Oak Ridge, Tennessee 
October 6, 1950 


HE half-life of the 80-kev transition in Er’ has been meas- 
ured as (1.7+0.2)10~* sec. with a delayed coincidence 
scintillation spectrometer. 

The £-spectrum of Ho'*' (27 hr.) is known to consist of two com- 
ponents of 1.84- and 0.55-Mev maximum energy and intensities 
89 and 11 percent, respectively.! Siegbahn and Slatis showed that 
the 80-kev transition follows the higher energy component of the 
6-spectrum and that the L shell conversion coefficient is ~0.4. 

The delayed coincidence scintillation spectrometer is similar 
to that described previously.* In addition, a second differential 
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Fic. 1, The number of delayed coincidences as a function of delay time. 


pulse-height analyzer has been added to the apparatus. In this 
way only significant events from each channel are selected. Figure 
1 shows the number of coincidences as a function of delay time 
obtained with a source of Ho!®*, This delayed coincidence resolu- 
tion curve was recorded by exciting one channel of the delayed 
coincidence apparatus by 600- to 900-kev nuclear beta-rays and 
the other channel by the L, M, or N internal conversion electrons 
of the 80-kev transition. With a source of Au'®* a resolution curve 
(not shown) for prompt events was obtained between 600- to 
900-kev beta-rays and 60- to 90-kev Compton recoil electrons 
from the 411-kev y-radiation. This measurement showed that for 
delay T>8X10- sec. the half-life of Er'*** can be determined 
from the slope of,the curve of Fig. 1. However, for half-lives less 
than 10~° sec. it would be necessary to analyze the data by the 
methods of Newton and Bay.‘ 

The energy and half-life of this isomeric state suggests that the 
transition is probably electric quadrupole or a combination of 
electric quadrupole and magnetic dipole radiation. 

It is interesting to note the distinct similarity of the short- 
lived isomeric states of 7Yb!”° (1.6 10-® sec.)§ and ggEr'**, They 
occur in neighboring nuclei with an even number of protons and 
neutrons. The energies of the isomeric transitions are 83 and 80 
kev, respectively; and the half-lives are the same within the ex- 
perimental error. 

* This document is based on work eet for the Atomic Energy 
say ae at Oak Ridge National Laborato 

ag phew and H. Slatis, Arkiv Fysik 1, 559 (1950). 
cGowan, Phys. Rev. 79, 404 (1 950). 
iT. D. Newton, Phys. Rev. 78, 450 (1950). 


| a, Phys. Rev. “o 419 (1950 
E, Bell and R. L. Graham, Phys. Rev. 78, 490 (1950). 





Nuclear Interaction of «~-Mesons* 


G. BERNARDINI, E. T. Bootu, L. LEDERMAN, AND J. TINLOTT 
Columbia University, New York, New York 
October 2, 1950 


PRELIMINARY report is here presented on the nuclear 
interactions of 30 to 50 Mev x~-mesons in nuclear emulsions. 
The interactions observed to date are of three types, (1) production 


TABLE I. Star prong distribution. 











Number of prongs Number of stars 
1 2 
2 15 
3 4 
4 1 








of a nuclear star, (2) nuclear scattering, and (3) disappearance in 
flight, with no visible secondary particle. The mean free path for 
interaction of all of these types combined is very nearly equal to 
the geometrical mean free path in the emulsion. 

The w~-mesons were produced in the Nevis cyclotron by 
bombarding an internal carbon target with 385-Mev protons. 
Mesons having about 95-Mev energy were deflected by the mag- 
netic field of the cyclotron and collimated by a 2X10-in. hole in 
the six-foot thick concrete shielding. Ilford G-5 400u-plates were 
exposed in the direct meson beam, and after a copper absorber 
2 cm thick. Only the data obtained from the plates after the 
absorber, at which point the mesons had energies of 30 to 50 Mev, 
will be discussed. The spread is caused mostly by the energy loss 
in the glass and emulsion. It should be noted that an appreciable 
portion of the mesons were u~-mesons, resulting from *~—y-- 
decay in flight. 

A total of 27 interactions of s~-mesons in a scanned area of 
20.2 cm? of emulsion were found. Of these, 22 were stars. Table I 
gives the frequency vs. star prong distribution. Nineteen of the 
stars had only “black” prongs, and the average length of the 
prongs ending in the emulsion was about 200u. In these cases, 
therefore, a large part of the energy of the incident meson must 
be carried off by neutral particles. In the case of the three other 
stars (one of which is reproduced in Fig. 1), the visible prongs had 
energies sufficient to account for most of the meson energy. Three 
cases were found of scattering (Fig. 2) through an angle of more 
than 30°, which were thought to be caused by nuclear interaction. 
One of these scatterings is evidently inelastic. Two clear cases of 
disappearance in flight were observed. In the latter cases, the 
particles appeared to stop without increase of ionization or scat- 
tering, in a fully sensitive region of the emulsion. To insure correct 
identification, nuclear interactions of particles with track lengths 
of less than 500,, or of particles incident at an angle of more than 
15° from the beam direction, were not considered. 

The uncorrected total length of meson track (x~+-u~) was 
found to be 1130 cm, with an uncertainty of about 5 percent. This 
figure was obtained by sampling various regions of the scanned 
area, rejecting only tracks incident at large angles from the beam 
direction, and tracks whose relative ionization was appreciably 
different from that expected for mesons of 30- to 50-Mev energy. 





rn 
\ 
3 
i 
\ sei 
\ 
\ “~ ee ee ee er 
| Bi ares on ote oghew amen one 
Pil 
: 200 MICRONS 


F Fic. 1. Two-proton star produced by meson, The length of the incoming 
meson track is 4800 microns. The energies of the two protons are about 

120 and 50 Mev, respectively. The three tracks are not the same plane. 
Observed by Elizabeth Wimmer. 
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Fic. 2. Large angle meson scattering. The length of the incoming meson 
track is 8000 microns. The angle of scattering is 177 degrees. Observed by 
Leon Lederman. 


In order to compute the relative numbers of x~- and yu ~-mesons, 
the ratio of o- to p-mesons'? stopping in another group of plates 
placed after an additional absorber was determined. After making 
a small correction for the nuclear absorption of +~-mesons in this 
last absorber, a total of 900 cm of ~-track was obtained in the 
30- to 50-Mev energy range. This length was further reduced to 
780 cm by the correction for the condition on the minimum length 
of tracks. In this way a mean free path of 29 cm of emulsion was 
obtained. The geometric mean free path is 25 cm. 

A similar study is in progress to determine the interaction in 
emulsions of the directly incident mesons (energy about 95 Mev). 
Up to the present, 13 stars, 3 inelastic scatterings, and one elastic 
scattering have been observed. Further reports on both experi- 
ments will be made when better statistics are available. 

The authors wish to thank Dr. Hugh Bradner, Berkeley, 
California, for privately communicating to us his results on an 
experiment of a similar nature. They also wish to thank Mr. S. 
Lindenbaum for assisting with the computations of the meson 
orbits, and Messrs. R. Durbin, W. Goodell, and H. Loar for 
performing counter experiments for locating the meson beam. 

* Assisted by the joint program of the ONR and AEC. 

+t Now at the University of Rochester, Rochester, New York. 


1C, Franzinetti, Phil. Mag. 41, 86 (1950). 
2 Menon, Muirhead, and Rochat, Phil. Mag. 41, 583 (1950). 





Secondary Electron Emission and 
Atomic Shell Structure* 
E. J. STERNGLASS 
U. S. Naval Ordnance Laboratory, White Oak, Silver Spring, Maryland 
August 21, 1950 
SIMPLE correlation has been found between the maximum 
value of the true secondary electron yield (An) and the 
atomic shell structure of the elements. The values of Am, defined 
as the number of low energy (S50 ev) electrons leaving the sur- 
face per incident primary electron, were obtained by subtracting 
the fraction of high energy back-scattered electrons (ny) from the 
maximum total yield coefficient 5», reported in the literature. 
Table I lists the data used in this investigation. The data ob- 
tained by Bruining and DeBoer and Warnecke have been used 
wherever possible in view of the careful experimental techniques 
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TABLE I. Values of maximum total yield Sn. 











Ele- Ele- Ele- 

ment bm +% ment im +% ment im +% 
Ni* 1.24;8 1.28>.+.4 5 Zr 1.108 5 K 0.78¢ 10 
Cu* 1.28; 1.29;> 1.40;¢.F.f 5 Ag 1.538 5 Rb 0.90¢ 10 
Au* 1.58;> 1.50;° 1.56; 1.446 5 Cs 0.76" 5 Co 1.164 5 
Li 0.478 5 Ba 0.83" 5 Cds 1,13¢ 10 
Be 0.518 5 Cb 1,17> 5 Fe 1,11 10 
Mg 0.938 5 Mo 1.25> 5 Pt 1,79¢ 10 
Al 0.978 5 Ta 1,28> 5 Sift 1.15 >10 
Ti 0.928 5 Ws 1,.36> 5 Get 1.2b >10 








* Standard values for comparison. 

+ Data do not extend as far as the maximum yield. 

t Tentative, pending more detailed investigations. 

® H, Bruining and J. H. DeBoer, Physica 5, 17, 901, 913 (1938). 

b> R. Warnecke, J. de phys. et rad. 7, 270 (1936). 
a 939} V. Afanasjewa and P, V. Timofeev, J. Tech. Phys. U.S.S.R. 4, 953 
(1 be R. G. Treloar and D. H. Landon, Proc. Phys. Soc. London 50, 625 

eR. Suhrmann and W. Kundt, Zeits. f. Physik 121, 118 (1943). 

fH. E. Farnsworth, Phys. Rev. 27, 243 (1926). 

« P, L. Copeland, Phys. Rev. 40, 122 (1932); 48, 96 ieee, 

bL. R. Koller and J. S. Burgess, Phys. Rev. 70, 571 (1946). 


used by these workers, which insured a maximum degree of free- 
dom from surface impurities and uncertainties due to multiple 
scattering between target and collector. For the remaining ele- 
ments, the results of other authors were used whose measure- 
ments on “standard” materials such as Ni, Cu, and Au agreed to 
better than 10 percent with the values found by Bruining and 
DeBoer and Warnecke. The values of 5» listed in Table I agree to 
better than 5 percent with those given by McKay,! except in 
the cases of Pt, K, Be, and Fe, where they differ by about 10 
percent because the work of different authors was chosen for 
reasons mentioned above. 

Experimental values of 7 from nine elements ranging from 
Z=6 to Z=79 at primary energies from 2 to 16 kv have recently 
been obtained by Palluel.2 His results indicate that is very 
nearly independent of the energy for all except the heaviest ele- 
ments, where back-scattering appears to increase somewhat with 
increasing primary energy. Using these data, as well as those of 
Schonland’, at higher energies, the following empirical equations 
for » as a function of Z were found to hold: 


=0.01Z (+5 percent) for Z<30; 
n=0.18+-0.004Z(+10 percent) for Z>30. 


The values of An obtained for 24 elements are plotted against 
Z in Fig. 1. 

It is seen that a surprisingly regular pattern emerges when ele- 
ments of neighboring atomic numbers are grouped together (heavy 
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Fic. 1. Plot of the maximum value of the true yield versus the atomic 
number, Solid vertical bars—experimental points; dotted vertical bars— 
sample predicted values. 
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slanting lines), and when elements of similar outer shell configura- 
tion are connected (light horizontal lines). A» increases steadily 
as long as successive shells are filled without leaving an inner shell 
vacant. Whenever a new shell is begun outside of one that is sub- 
sequently filled, as for Z=19, 37, 55, and 87, A, drops discon- 
tinuously. Likewise, when an inner shell is completed and a new 
sub-shell is begun, as for Z=30, 48, 71, and 80, A, drops to a 
lower value, thereby giving rise to two parallel sets of lines for 
complete and incomplete inner shell structures. A, varies as the 
number of outer shell electrons, so that it appears to be a true 
atomic property much like the x-ray emission characteristics of 
the elements. 

The regularity of the plot is such that it is possible to complete 
it as indicated in Fig. 1 for values of Z where no data are at present 
available. This makes it possible to predict the values of A», to 
better than 10 percent for nearly all metals in the atomic table. 
The basic pattern as it appears in Fig. 1 is not materially affected 
by relatively large errors in 7 or 5m, and it is even apparent when 
bn is plotted against Z. 
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Present theories of secondary emission are based on the Fermi 
gas®* or Bloch model’® of a metal. These theories predict a de- 
pendence of the yield on the lattice spacing, Fermi energy level, 
and work-function, but not on the atomic shell structure. The 
simple correlation of A, with position in the periodic system would 
seem to indicate that a satisfactory theory of secondary emission 
must take into account atomic electrons more firmly bound than 
the valence or conduction electrons of a metal. 

The author wishes to express his appreciation to Dr. L. P. 
Smith and Dr. L. R. Maxwell for their encouragement and 
helpful criticism. 


* Preliminary results were reported at the April 1949 meeting of the 
American Physical Society (see Phys. Rev. 76, 189 (1949)). A detailed 
account is rons prepared for publication. 

Y, Advances in Electronics (Academic Press, Inc., New 
York: 1948), Vol. 

2P, Palluel, le Rendus 224, 1492 (1947), 

3B. F. J. Schonland, Proc. Roy. Soc. A 104, 235 (1923); 108, 187 (1925). 

4 The special position of Au will be discussed in detail in the full account. 

5A, E, re. J. Exptl. ay Phys, (U.S.S.R.) 2, 115 (1940). 

6 E. M. Baroody, Phys. Rev. P78, 7 80 (1950). 

7H. Frohlich, Ann, d. Physik 13, 229 (1932). 

8D. E. Wooldridge, Phys. Rev. 56, 562 (1939). 











PH 


Gg & 


Q ww 


SHS ro 











PHYSICAL REVIEW 


VOLUME 80, 


NUMBER 5 DECEMBER 1, 1950 


Proceedings of the American Physical Society 


MINUTES OF THE 1950 AUTUMN MEETING OF THE NEW YORK 
STATE SECTION AT POTSDAM 


HE 1950 Fall Meeting of the New York State 
Section of the American Physical Society was 
held on September 29-30, 1950, in the Department 
of Physics of Clarkson College of Technology. 
Ninety people attended the meeting. Provisions 
were made for inspection of the New Building. 
The Dinner Address on Friday evening, Scientific 
Adventures, was given by Vincent J. Schaefer, 
General Electric Company. Abstracts of four con- 
tributed papers are appended. The following invited 
papers were presented: 


(W. R. FREDRICKSON, presiding) 


Rotation-Vibration Spectra of Methane. Joun S. 
BurGEss, St. Lawrence University. 

Electron Diffraction Line Broadening in Thin 
Nickel Films. EBER K. HALTEMAN, Clarkson College 
of Technology. 


(C. K. Boswor TH, presiding) 


Physics Principles Illustrated in Astronomy. 
S. L. BootHroyp, Professor Emeritus, Cornell 
University. ° 

Application of Physics to Geology. R. O. 
BLooMER, St. Lawrence University. 

Modern Physics in Modern Medicine. HERTA 
R. LENG, Rensselaer Polytechnic Institute. 


Symposium on the Undergraduate Education of 
Physicists for Industry. 


(W. R. FREDRICKSON, presiding) 


Industry’s Views as to Type of Physics Education 
Desirable. GLENN W. GippINGs, General Electric 
Company. 

Education Offered by Curriculum Leading to 
B.S. in Physics. HAROLD E. Way, Union College. 

Education Offered by an Engineering Physics 
Curriculum. Lioyp P. Smitu, Cornell University. 


C. LUTHER ANDREWS, Secretary 
New York State College for Teachers 
Albany, New York 


Contributed Papers 


Application of the Theory of Reaction Rates to Studies of 
Dye Diffusion in a Gel System. R. B. Pontius, Eastman 
Kodak Company.—In the study of diffusion in a condensed 
system it is necessary to consider the intermolecular forces. 


_ The magnitudes of these forces can be obtained from diffusion 


measurements because the diffusion coefficient can be as- 


sumed proportional to the specific reaction rate. The activa- 
tion energy for the diffusion process is given by the Arrhenius 
rate equation. A method of measuring diffusion of dyes in 
gelatin suggested by E. E. Jelley consists in dyeing thin- 
coated gelatin layers under controlled conditions, arresting 
the dye at the position reached by diffusion in the dye bath 
by freezing the sample in an alcohol-dry ice mixture, and de- 
hydrating at —2°C in a stream of cold dry nitrogen. The dry 
samples are sectioned and the penetration of the dye into the 
sample measured under the microscope. The activation energy 
can be obtained from measurements made at several tempera- 
tures if the diffusion coefficients are normalized by taking into 
account the swelling of the gelatin to different amounts at 
different temperatures. Results are given for two simple acid 
dyes. It is possible to utilize the Eyring! theory of reaction 
rates to estimate the entropy changes associated with the 
diffusion. 


1 Glasstone, Laidler, and E . The Theory of Rate Processes (McGraw- 
Hill Book Company, Inc., New York, 1941), p. 524. 


Recent Developments in Electric Servo Power Drive Sys- 
tems. F. M. Batey, General Electric Company.—The 
application of ignitrons to high performance servo mechanisms 
has simplified the control loop, and improved both the fre- 
quency response and phase shift characteristics of power 
drives with capacities greater than sixty horsepower. A per- 
formance comparison of ignitron-thyratron controllers with 
amplidyne positioning systems is presented. 


Verifiéation of Bragg’s Law by the Use of Microwaves. 
RoLanp A. ALLEN, Siena College.—The importance of the use 
of microwave optics to provide a better understanding of the 
phenomena of polarization, diffraction, and interference can- 
not be overemphasized. Microwaves too can be employed to 
observe the Bragg diffraction by a model crystal made up of 
metal disks. When a beam of 10- to 12-cm microwaves is inci- 
dent at the correct grazing angle to the model crystal, a micro- 
wave intensity meter rotated about the incident beam refer- 
ence point will indicate the points of constructive interference. 
Using Bragg’s Law, n\=2d sin, and inserting the measured 
values of \ and d, the angles at which constructive interference 
should appear can be determined for the order m. The observed 
angles as indicated by the intensity meter are within one or 
two degrees of the calculated value. 


Optical Dichroism from Adsorbed Dyes and its Correlation 
with Orientation of the Substrate. D. R. Morey, Eastman 
Kodak Company, AND E. V. MARTIN, Tennessee Eastman Cor- 
poration ——A method is described for making quantitative 
measurements of dichroism, applicable to cellulose acetate 
film base or continuous filament yarn. The method is predi- 
cated upon the choice of a dye which is itself intrinsically 
dichroic in its optical absorption, and which is adsorbed in 
the polymeric substrate in preferential directions corre- 
sponding to regions of anisotropy in the chain polymer matrix. 
Yarn samples of increasing orientation were prepared by suit- 
able hot drafting processes, and were then examined for me- 
chanical properties and for orientation as obtained from x-ray 
fiber diagrams. The correlations between these properties 
and optical dichroism is found from experiment to be good. 
The conditions of adsorption, such as the state of dispersion 
of the dye and the degree of swelling of the polymer during 
the dyeing process, also affect the observed dichroism. 
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